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ABSTRACT
Under unfavorable environmental conditions Caenorhabditis elegans
larvae enter a dauer stage which is a specialized non-feeding lar-
val stage. In the dauer stage, worms display astonishingly low
metabolism, which allows them to adapt themselves to environmen-
tal stress and to dwell without food for several months. Dauer lar-
vae can enter into the reproductive larval stage, when environmental
conditions become favorable. In this study, the metabolic transition
of dauers into the reproductive larval stage is analyzed in detail:
a. During the exit of dauers, several metabolic traits were examined.
Primarily, dauer larva initiates the metabolic transition by activating
feeding, which is followed by upregulated oxygen consumption and
mitochondrial remodeling, as well as enhanced protein synthesis.
b. To better understand the metabolic transition, inhibitors of the
dauer exit were introduced. Lithium ions were shown to inhibit the
transition of dauers to reproductive larvae and prevent the upregu-
lation of metabolic activities required for this process.
c. In liquid culture, the transition from the dauer to the reproductive
larva is also inhibited, presumably because of the hypoxic charac-
ter of the liquid culture. Thus, hypoxia has a negative effect on the
metabolic transition.
d. In the course of our investigation we discovered that the dauer
larva is not a closed system but indeed, it can dwell on the externally
available ethanol as a carbon source by incorporating it into the en-
ergy metabolism. This allows dauers to survive for longer periods in
the absence of bacteria, the preferred food of worms.
These findings clarify the nature of dauers, how they utilize dis-
tinct pathways during the metabolic transition and how they take
advantage of the externally available carbon source. These results
may in the future enable us to elucidate the complex pathways of
metabolism, as well as the ways in which it can be regulated.
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Chapter 1
INTRODUCTION
1.1 Metabolism
Living organisms have the ability to maintain themselves to achieve
growth, differentiation and reproduction. All these processes obli-
gate the presence of a complex network of chemical reactions to ob-
tain energy by breakdown of the molecules (catabolism), and to syn-
thesize the required compounds (anabolism) in the cells. The whole
set of chemical transformations in a living organism is defined as
metabolism.
Metabolism is composed of complex pathways. These pathways
form networks of interacting molecules consisting of individual com-
ponents that must control their activities in the context of rou-
tine physiological function. In case these pathways are not well-
regulated, they can give rise to serious disorders due to the alter-
ations in the chemical balance of an organism. One example is the
metabolic disease diabetes mellitus, in which the regulation of carbo-
hydrate metabolism is lost (Saltiel and Kahn 2001; Chen, Magliano,
and Zimmet 2012; Ashcroft and Rorsman 2012).
Additionally, metabolic state can define the behavior of a cell, such as
the difference between metabolism of malignant and non-malignant
cells. In tumor cells there is a special phenotype called the “Warburg
effect”, which is a metabolic shift from oxidative phosphorylation to
glycolytic ATP production to meet the accelerated energy need, even
if the oxygen is available (Cairns, Harris, and Mak 2011; Warburg
1956; Altman, Stine, and Dang 2016).
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Another very important consequence of metabolism is aging. One
of the first theories explaining the aging process relied on the neg-
ative correlation between aging and the rate of living which is the
metabolic state of an organism (Pearl 1928; Glazier 2015). “Rate of
living” theory proposes that an organism’s life span depends on its
genetically defined metabolic potential, as well as the rate at which
this potential is expended. In a simpler form, the theory states that
the metabolic rate defines the lifespan (Sacher 1959; Lindstedt and
Calder 1976).
While the theories of lifespan and metabolic state are still being dis-
cussed, the “pace of life” is a major determiner of not just lifespan,
but also the ability to survive. During favorable environmental con-
ditions, metabolism regulates the physiological functions to preserve
the equilibrium of an organism. When the organism is challenged by
unfavorable conditions, metabolism acts to withstand environmen-
tal stress by undergoing complicated metabolic changes; that define
the metabolic state as the key player in survival.
Environmental changes may have robust effects on metabolism. In
unfavorable conditions for growth and survival such as scarcity of
food, high/low temperature, deviation of pH or high salinity, many
organisms decrease their energy consumption by going through a
metabolic shift towards a hypometabolic state. In the hypometabolic
state, organisms increase their chances of survival by enhancing
the stress-resistance abilities and limiting the rate of aging. Com-
mon examples of such transitions are plants in quiescence until
spring, or hibernating bears during winter. In mammalian hiber-
nation, hypometabolic state is achieved through inhibition of cold-
induced thermogenesis, intracellular pH regulation and reduction of
metabolic rate with temperature regulation (Malan 2011). pH regu-
lation has been also demonstrated to be important for enzymatic and
proteomic regulations in the cytoplasm during metabolic transition
in yeast (Petrovska et al. 2014; Munder et al. 2016). Recent stud-
ies have defined several molecular mechanisms that control tran-
sitions to hypometabolic state, such as posttranslational modifica-
tions of the cellular enzymes to control methylation, acetylation and
SUMOylation (Berk 1989; Johnson 2004). Other mechanisms include
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the preservation of cell viability by chaperones and antioxidant de-
fenses to provide long-term life extension (Storey 2010).
So far, most of the research to understand the metabolic mecha-
nisms has been conducted with megafauna (e.g. hibernating mam-
mals, anoxia tolerant turtles, diapause in insects, etc.). This revealed
global suppression mechanisms of ATP-expensive transcription and
translation, mRNA storage, and differential expression of microRNA
species (Lant and Storey 2010). However, due to the ease of manip-
ulation and propagation, mesofauna has a higher potential to elu-
cidate the regulation of metabolism. One of the promising model
organisms to study the regulation of metabolism is the Caenorhabditis
elegans, which goes through a conspicuous metabolic transition.
1.2 C. elegans as a Model Organism
Caenorhabditis elegans is a tiny non-parasitic and free-living nema-
tode. It was introduced as a model organism by Sydney Brenner
first in 1963 to study animal development. Due to its short life span
and ability to be easily propagated, it has been used worldwide for
over fifty years (Brenner 1974).
C. elegans mainly live in soil and decomposing organic material. The
main food source of the nematode is bacteria on the rotting organic
matter (Barrière and Félix 2006). It can be easily maintained in the lab
on agar plates, using the bacteria Escherichia coli as the food source.
One of the most important features of C. elegans is that it can be prop-
agated easily in short time. Worms are mostly hermaphrodites, with
males spontaneously occurring at a rate of 0.2% (Brenner 1974). The
life cycle starts with the fertilization of an egg by a sperm of either
the same hermaphrodite or of a male.
To form a gravid adult, C. elegans follows four larval stages after the
hatching of the egg. A gravid hermaphrodite adult has the capacity
to lay more than 300 eggs that develop ex-utero, before hatching into
the first larval stage called L1. L1 larval stage is a checkpoint of for
food source. In case of no food source in the environment, L1 larva
can arrest growth and survive several weeks (Baugh 2013; Baugh and
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Sternberg 2006). In the presence of food, the L1 larva is followed by
the second (L2), the third (L3) and the fourth (L4) larval stages until
finally an adult worm is formed. The whole reproductive life-cycle
duration depends on the ambient temperature. At 25 ◦C, the wild-
type Bristol strain can complete the life cycle in 3 days (Begasse et al.
2015; Erkut and Kurzchalia 2015; Byerly, Cassada, and Russell 1976)
(Figure 1.1A).
It is easy to observe the body compartments of C. elegans since it is
transparent. It can be visualized with a dissecting microscope in the
lab. Additionally, fluorescent tags can be used to observe proteins
or different cellular compartments to study the developmental pro-
cesses in detail (Chalfie et al. 1994; Boulin, Etchberger, and Hobert
2006; Feinberg et al. 2008). The anatomy of the body is quite simple.
The head region starts with the buccal opening of the mouth, which
leads to the pharynx. The intestine follows the pharynx through the
full length of the animal. The protective proteinaceous cuticle covers
the outer part (Cox, Kusch, and Edgar 1981). At the end of each lar-
val stage, worms molt into the following larval stage by shedding the
old cuticle while generating an entirely new one. Each molt is char-
acterized with a sleep-like period called lethargus, in which worms
are relatively inactive during the formation of the new cuticle. Be-
neath the cuticle, there is the muscle tissue and hypodermis together
with neurons and supportive tissues (Figure 1.1B).
C. elegans can adapt its morphology and metabolism under stress.
When they are exposed to harsh conditions such as overcrowding or
scarcity of food, L1 larva interrupts the reproductive cycle and enters
a diapause referred to as the “dauer” stage (Figure 1.1A). The word
dauer means “enduring” in German. The dauer larvae have special
abilities to resist unfavorable environmental conditions.
1.2.1 C. elegans Dauer Larva
During the reproductive cycle of the C. elegans, if the L1 larva senses
environmental stress such as high temperature, scarcity of food or
high population density; instead of following the reproductive cycle
and forming an L2 larva, it alternatively forms an L2d larva, which
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Figure 1.1: Life cycle, anatomy, and dauer larva of C. elegans. (A) Life
cycle of C. elegans at 22 ◦C and the alternative dauer pathway. (B) C. elegans
anatomy. Major anatomical features of a hermaphrodite (upper) and male
(middle) viewed laterally, and cross-section through the anterior region of
the C. elegans hermaphrodite (lower) (C) Morphology of a dauer larva (DIC
image). Adapted from Wormatlas (http://www.wormatlas.org).
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molts into the stress resistant dauer larva (Cassada and Russell 1975)
(Figure 1.1A and 1.1C). High population density has the main effect
on dauer formation by the synthesis of a pheromone called “dau-
mone” (short chain ascarosides), that induces dauer arrest (Butcher
et al. 2007; Jeong et al. 2005). The availability of food is another fac-
tor determining the formation of dauers. Hydrophilic compounds
derived from the dietary bacteria, the so called “food signal”, act as
inhibitors of the dauer arrest (Mylenko et al. 2016). It is postulated
that the relative amounts of daumone and food signal in the medium
determine whether a worm forms a dauer or not (Golden and Riddle
1982). Together with high population density, high temperature has
been shown to have an additional effect on the induction of dauer
formation (Golden and Riddle 1984). With the perception of envi-
ronmental clues by the L1 larva, developmental decision is made.
In order to execute the dauer developmental switch, worms globally
reprogram the gene expression.
When the environmental conditions improve (e.g. food becomes
again available), dauer larvae exit from the arrested stage. During
the transition to the reproductive larval stage, dauers initiate active
feeding and reprogram their metabolic state. Dauer morphology
is altered during the larval molt and the L4 reproductive larva is
formed. After the second molt, L4 larva develops into egg-laying
adult.
1.2.2 General Biology, Physiology, Metabolism of
Dauer Larva
The dauer larva is a specialized larval form to endure stress. In
response to adverse environmental conditions, C. elegans undergo
a controlled pause of growth and development accompanied by
global metabolic repression, known as hypometabolism. The hy-
pometabolic state of dauers is achieved by both morphological and
metabolic adaptations.
During the dauer formation, worms remodel their morphology by
radial constriction (Riddle, Swanson, and Albert 1981; Cox, Kusch,
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and Edgar 1981). The outside of the body is covered by a special-
ized cuticle, which protects dauers from possibly hazardous envi-
ronments, desiccation and passive diffusion of metabolites. Dauer
cuticle is structurally thicker and stronger than the cuticle of repro-
ductive larva. The chemical constitution of dauer cuticle makes it
resistant to acidic and hypertonic conditions, as well as detergent sol-
ubilization. Compared with reproductive larvae, dauers are highly
thermotolerant, and they can live up to three times longer than adults
when they are exposed to high temperatures (Anderson 1978). In the
excretory glands, there is no secretory granules in dauers and the
positions of sensory neurons are altered (Nelson, Albert, and Riddle
1983; Albert and Riddle 1983). Dauer cuticle form special coverings
over the buccal cavity and anus to close the access to the alimentary
tract (Cassada and Russell 1975; Kramer 1997). The lumen of the in-
testine is shrunken with the condensed form of microvilli (Popham
and Webster 1979). According to studies so far, dauers are known
as “closed-systems” with an almost impermeable cuticle around the
body, no feeding behavior due to the closed buccal cavity and altered
pharyngeal morphology. They rely entirely on their internal energy
reserves for long-term survival (Popham and Webster 1979; Cassada
and Russell 1975; Albert and Riddle 1983; Riddle, Swanson, and Al-
bert 1981; Hellerer et al. 2007; Narbonne and Roy 2009).
Dauers tend to be motionless unless prodded, most likely to preserve
energy reserves. Yet, when they are disturbed, they move rapidly.
Dauers have a specialized behavior called “nictation”, in which they
mount a projection and stand on their tail, waving their heads in
the air. Possibly, nictation allows dauers to attach to passing soil
insects in a phoretic relationship for transport to a fresh environment
(Croll and Matthews 1977; Riddle and Albert 1997). It was shown
in Pristionchus pacificus dauers that they collectively nictate to form
large tower-like structures as a part of a strategy to find a novel host
(Penkov et al. 2014).
The metabolism of dauer larva is adapted to long-term survival in
the absence of food. In dauers, tricarboxylic acid (TCA) cycle ac-
tivity is highly reduced while phosphofructokinase activity is in-
creased, which indicates enhanced glycogen metabolism (O’Riordan
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and Burnell 1989; Burnell et al. 2005). While the TCA cycle is
reduced, the glyoxylate shunt is activated to utilize the lipid re-
serves by converting them into carbohydrates (Wadsworth and Rid-
dle 1989; O’Riordan and Burnell 1990; Braeckman, Houthoofd, and
Vanfleteren 2009; Erkut et al. 2016). The glyoxylate shunt is a short-
cut in the TCA cycle, which bypasses two carbon-releasing steps of
the TCA cycle and produces succinate and malate by incorporating
an additional molecule of acetyl CoA into glyoxylate (H L Kornberg
1958). The excess malate produced by the glyoxylate pathway is then
further used in gluconeogenesis by being converted into oxaloac-
etate. It has been shown that, the dauer larva is in a gluconeogenic
state to enable efficient production of trehalose from lipids, which is
essential for the survival of the stress-resistant dauers (Figure 1.2). It
is further supported by the measurement of trehalose levels between
dauers and L3 larvae, which has confirmed the increased abundance
of trehalose in dauers as a result of intensive gluconeogenic activity
(Erkut et al. 2016). Previous studies have revealed the high activ-
ity of the glyoxylate pathway only in L1 larval stage, which is then
repressed, while the TCA cycle is favored with higher oxygen con-
sumption during the L2, L3, and L4 larval stages. This is further con-
firmed with the relative enzymatic activities of isocitrate lyase and
isocitrate dehydrogenase, which indicate the activities of glyoxylate
and TCA cycles respectively. Microarray and serial analysis of gene
expression (SAGE) analysis of dauers also show the upregulated ex-
pression of genes regulating the glyoxylate pathway, glycolysis and
gluconeogenesis (Wang and Kim 2003; Jones et al. 2001; Holt and
Riddle 2003b). Additionally, when the mitochondrial oxygen con-
sumption was compared between dauer larvae and corresponding
reproductive larval form L3 larvae, reproductive L3 larva was shown
to have 5-times higher oxygen consumption rates than the dauer
larva (Erkut et al. 2016), which is another indication of the lower
TCA cycle activity in dauers. All these indicate a major metabolic
transition after the L1 larval stage, depending on the developmental
decision (Vanfleteren and De Vreese 1996; Holt and Riddle 2003a).
To minimize the energy consumption in the cellular level, protein
expression is tightly regulated in dauers. Studies performed with
run-on transcriptional assays with isolated nuclei have shown that
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Figure 1.2: Metabolic modes of C. elegans reproductive larva and dauer.
(A) C. elegans reproductive larvae, which are feeding and growing, can uti-
lize nutrients (purple) via TCA cycle and produce energy. Mitochondria are
in a catabolic mode (blue). (B) The non-feeding dauer larva utilizes internal
triacylglycerol (TAG) reserves via glyoxylate shunt to drive gluconeogene-
sis and produce trehalose (orange). Mitochondria are in an anabolic mode
(yellow). Adapted from (Erkut et al. 2016).
RNA polymerase II transcription is depressed in dauers to 11-17%
of that in other larval stages (Dalley and Golomb 1992). Addition-
ally, in-vitro transcriptional studies have shown that dauers are tran-
scriptionally quiescent compared with reproductive larvae (Snutch
and Baillie 1983). Nevertheless, SAGE data has shown that 2016
genes were specifically expressed in dauers, compared with non-
dauer larva, which indicates the active explicit gene expression pro-
file of dauers (Jones et al. 2001). Additionally, dauers were found
to have 15-fold higher levels of Hsp90 (heat shock protein) mRNA.
Hsp90 interacts with steroid hormone receptors in unstressed cells,
to facilitate the receptor activation. In the absence of hormone, Hsp90
prevents the receptors from activating the transcription (Cadepond
et al. 1991). Additional to Hsp90, dauers have elevated expression of
genes important for survival such as superoxide dismutase (Larsen
1993; Vanfleteren and De Vreese 1995) and catalase (Vanfleteren and
De Vreese 1995). Moreover, in dauer larva α-crystallin family of small
heat shock proteins were shown to be upregulated (Burnell et al.
2005). These enzymes ensure protection against oxidative damage,
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and they tolerate oxygen deprivation (Anderson 1978), which may
contribute to dauer longevity (Klass and Hirsh 1976; Larsen 1993;
Burnell et al. 2005).
Despite the knowledge of differences between dauer and reproduc-
tive larvae, it is still not well known how the metabolic transition
occurs during the formation of reproductive larva from the dauer
larva. On the other hand, there are several known signaling path-
ways regulating the dauer formation, which also regulate the dauer
exit.
1.2.3 Signaling Pathways that Govern Dauer Forma-
tion and Dauer Exit
The signaling pathways governing the dauer transition in response
to the different environmental stimuli have been genetically and bio-
chemically well characterized. The genes involved in these path-
ways are indicated as daf genes (for abnormal dauer formation).
Dauer constitutive (Daf-c) mutants constitutively undergo dauer ar-
rest, while dauer defective (Daf-d) mutants are unable to form dauer
larva. With the activation or repression of daf genes, dauer for-
mation is activated through three distinct pathways (Gerisch et al.
2001; Gottlieb and Ruvkun 1994; Jia, Albert, and Riddle 2002; Rid-
dle, Swanson, and Albert 1981; Thomas, Birnby, and Vowels 1993;
Vowels and Thomas 1992). The complex interplay between these
pathways has been shown to regulate the dauer formation by coordi-
nating the metabolism of steroid hormones, called dafachronic acids
(DAs) (Gerisch et al. 2001; Gottlieb and Ruvkun 1994; Jia, Albert,
and Riddle 2002; Motola et al. 2006; Riddle and Albert 1997; Riddle,
Swanson, and Albert 1981; Thomas, Birnby, and Vowels 1993; Vowels
and Thomas 1992) (Figure 1.3).
The first pathway regulating the dauer arrest is the guanylyl cy-
clase pathway. The dauer constitutive (Daf-c) gene daf-11 encodes
a transmembrane guanyly cyclase expressed in ASI, ASJ, ASK, AWB
and AWC chemosensory neurons (Thomas, Birnby, and Vowels 1993;
Birnby et al. 2000). In the absence of DAF-11, chemosensory defects
lead to constitutive dauer formation (Vowels and Thomas 1992). This
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Figure 1.3: Signaling cascades for reproductive development and dauer
formation. (Left) GPCRs perceive the environmental cues favorable for
reproductive development in amphid neurons that initiate the cGMP path-
way. This results in signal transduction at least partially through activity of
DAF-11/guanylyl cyclase signaling and consequent synaptic release of INS
(from amphids and other cells) and DAF-7/TGFβ from neurons, which in
turn triggers insulin or TGF receptors (DAF-2/INSR and DAF-1,-4/TGFβ)
in endocrine cells. The activated insulin pathway prevents nuclear trans-
portation of DAF-16/FOXO and activated TGFβ pathway results in the
production of the steroid hormone DA by DAF-9/biosynthetic enzyme. In
target tissues DAs bind DAF-12/NHR and inhibit the dauer-promoting ac-
tivity, driving development into the reproductive cycle. (Right) In dauer
inducing conditions, due to the inactivation of DAF-2 and DAF-7, DAF-16
is translocated to the nucleus, DAF-8 and DAF-14 are sequestered to the
cytoplasm, and the complex DAF-3/DAF-5 is activated. Consequently, the
synthesis of DAs is downregulated, which leads to DAF-12 mediated pro-
motion of dauer arrest. Adapted from Fielenbach and Antebi 2008.
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phenotype can be reversed by introduction of 8-bromo-cGMP into
the daf-11 mutant. This indicates that unlike the other Daf-c mutants
which cannot be rescued by 8-bromo-cGMP, DAF-11 functions proxi-
mally in the guanylyl cyclase pathway (Birnby et al. 2000; Fielenbach
and Antebi 2008). Downstream of DAF-11, there are TAX-2 and TAX-
4 subunits of a cGMP-gated ion channel, which regulate neuronal
development, chemosensation, and thermosensation (Coburn and
Bargmann 1996; Coburn et al. 1998; Komatsu et al. 1996). In sum-
mary, DAF-11 inhibits dauer arrest by activating the downstream ef-
fectors TAX-2 and TAX-4 through increased cGMP synthesis (Birnby
et al. 2000). It is also shown that the tax-4 mutant has a weaker daf-
c phenotype compared with daf-11 (Coburn et al. 1998), raising the
idea of DAF-11 having multiple downstream effectors, including the
parallel dauer governing pathways.
The second pathway regulating the dauer formation is the TGFβ-like
pathway. TGFβ is a part of a large family of secreted growth fac-
tors in metazoans. This pathway consists of Daf-c genes such as
daf-1, 4, 7, 8; and Daf-d genes, such as daf-3 and daf-5 (Patterson
and Padgett 2000). daf-7 encodes the homolog of TGFβ ligand (Ren
et al. 1996) which binds to the serine/threonine kinase receptors
DAF-1 and DAF-4. daf-7 mutants have a daf-c phenotype, indicat-
ing the role of TGFβ receptor in activating the non-dauer develop-
ment. Upon binding of the homolog of the TGFβ ligand, receptors
form a heteromeric complex and type II receptor phosphorylates the
guanylyl cyclase (GS) domain of the type I receptor. Thereby, re-
ceptor kinase of type I receptor is activated and phosphorylates the
downstream SMADs, intracellular proteins that activate the down-
stream transcription factors after transducing the extracellular sig-
nals from TGFβ-ligands (Heldin, Miyazono, and Dijke 1997; Attisano
and Wrana 1998; Massagué 2003; Attisano and Wrana 2002; Whitman
1998; Wrana 2000). The last known member of the TGFβ-like path-
way is the nuclear hormone receptor expressed by daf-12 gene, which
suppresses non-dauer development and is a negative regulator of the
TGFβ-like pathway. SMAD proteins regulate the biosynthesis of the
DA, which is synthesized from cholesterol in several steps by the en-
zyme cytochrome P450 DAF-9. DA binds to and inhibits the nuclear
hormone receptor DAF-12 that activates dauer formation (Motola et
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al. 2006). Mutations of daf-12, suppresses the Daf-c phenotype of
dauer formation mutants. daf-12 mutants also suppress the cyclic nu-
cleotide and insulin-like pathways; indicating the role of the nuclear
hormone receptor in more than one developmental pathway (Antebi
et al. 2000; Snow and Larsen 2000; Matyash et al. 2004).
The third pathway governing the dauer formation is the insulin-
like pathway. This is a parallel pathway to TGFβ-like and guany-
lyl cyclase pathways (Gottlieb and Ruvkun 1994; Riddle and Al-
bert 1997; Thomas, Birnby, and Vowels 1993). The insulin-like path-
way is composed of DAF-2 insulin receptor homolog, AGE-1 phos-
phoinositide 3-kinase (PI3K), and PDK-1, AKT-1, and AKT-2 pro-
tein kinases. DAF-2 insulin-like receptor is activated by insulin-like
peptides (ILPs). Until now, 40 ILPs have been identified as pu-
tative ligands of the insulin-like receptor (Matsunaga et al. 2016).
Ligand-dependent activation of insulin-like receptor DAF-2 inhibits
the dauer arrest through activation of protein kinases and ultimately
inhibition of the FoxO transcription factor DAF-16, by sequestering
it to the cytoplasm. When DAF-16 is cytoplasmically sequestered,
it can no longer promote the dauer arrest by transcriptional regu-
lation (Kimura et al. 1997; Morris, Tissenbaum, and Ruvkun 1996;
Paradis et al. 1999; Paradis and Ruvkun 1998; Hertweck, Göbel, and
Baumeister 2004; Lee, Hench, and Ruvkun 2001; Lin et al. 1997; Lin
et al. 2001; Ogg et al. 1997). The insulin-like pathway is considered to
be the integrator of all signaling pathways, in response to the altered
energetic status of the worm.
Even though DAF-11, DAF-7, and DAF-2 pathways have been
shown to act in parallel (Thomas, Birnby, and Vowels 1993), DAF-
11 functions at least partially upstream of DAF-7 and DAF-2 signal-
ing as well (Li, Kennedy, and Ruvkun 2003; Murakami, Koga, and
Ohshima 2001; Hahm, Kim, and Paik 2009). Thus, DAF-11 may pro-
mote reproductive growth by promoting expression and/or release
of insulin-like and TGFβ-like ligands in amphid sensory neurons.
As mentioned before, all three pathways converge to regulate a hor-
monal pathway defined by daf-9 and daf-12 genes (Albert and Riddle
1988; Gerisch et al. 2001; Jia, Albert, and Riddle 2002; Riddle, Swan-
son, and Albert 1981; Thomas, Birnby, and Vowels 1993; Matyash et
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al. 2004) (Figure 1.3 and 1.4).
Figure 1.4: Genetic relationship between dauer pathways that govern
dauer formation. External and internal signals (green) act on components
of the guanylyl cyclase, TGFβ-like, and insulin-like signaling pathways to
determine the dauer formation. DAF-9 dependent synthesis of DAs re-
presses the systemic dauer-promoting function of DAF-12. When DAF-12
is active, it globally initiates the dauer program on the transcriptional level.
The STRM-1/sterol methylase competes for the substrates of DAF-9 to gen-
erate 4-methyl sterols (4-MS), which cannot serve as substrates for DA syn-
thesis. Therefore activation of STRM-1 decreases the levels of DA synthesis,
which favors the dauer development.
DAF-9 cytochrome P450 is expressed in the hypodermis, somatic
gonad, and XXX cells (Gerisch et al. 2001; Jia, Albert, and Riddle
2002; Ohkura et al. 2003; Gerisch and Antebi 2004). It acts as a
non-stereoselective 4-cholesten-3-one 26-hydroxylase to synthesize
the ligands of the DAF-12 nuclear hormone receptor, Δ4- and Δ7-
DAs (Motola et al. 2006). In the presence of produced DAs, DAF-12
activity is suppressed and reproductive growth is favored. In daf-9
mutants, DAF-12 activity is required to initiate the dauer program,
indicating the negative regulation of DAF-12 by DAF-9 (Gerisch et
al. 2001; Jia, Albert, and Riddle 2002) (Figure 1.4).
It has been shown that cholesterol depletion results in a phenocopy
of daf-9 mutants because it results in depletion of DAs (Gerisch et
al. 2001; Matyash et al. 2004). To regulate the synthesis of DAs,
the sterol–modifying enzyme STRM-1 methylates cholesterol at the
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C-4 position to produce 4-methyl-sterol (4-MS). This reaction is irre-
versible and the produced 4-MS cannot be used as a substrate in DA
synthesis (Hannich et al. 2009). Activity of STRM-1 limits the pool
of unmethylated sterols as the precursors of DA synthesis, thus de-
creases the DA production. On the other hand, 4-MS is sufficient for
the rest of the sterol functions like proper molting and locomotion
in C. elegans (Kurzchalia and Ward 2003; Matyash et al. 2004). As a
consequence, when fed for two generations on sterol-depleted media
and complemented with 4-MS, worms undergo dauer formation de-
spite being in a food-rich and low-population density environment
(Matyash et al. 2004) (Figure 1.4). When they are obtained by this
method, dauers are designated as “lophenol dauers”.
AIM
In this study, we aim to understand how the transition from hy-
pometabolic dauer larva to metabolically active reproductive larva is
executed and how it is influenced by factors of the physical / chem-
ical environment.
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MATERIALS AND METHODS
2.1 Organisms and Culture Conditions
2.1.1 Worm Strains
All C. elegans strains were obtained from Caenorhabditis Genetics
Center (CGC). daf-12;daf-12 double mutant was created in the lab for-
merly. daf-16;daf-7 double mutant was created by crossing two strains
as described below. The complete list of worm strains, their designa-
tions in the text, genotypes and sources can be found in Table 2.1.
To generate daf-16(mu86);daf-7(e1372) double mutant, daf-7(1372)
males were crossed to daf-16(mu86) hermaphrodites. Then progeny
was singled and singled hermaphrodites were left at the restric-
tive temperature 25 ◦C for self-fertilization. Among the progeny,
dauers which were homozygous for daf-7(1372) were picked and sin-
gled at 15 ◦C. After self-fertilization and laying progeny, mother
hermaphrodites were verified by PCR to select the ones carrying
daf-16(mu86) allele. The progeny of hermaphrodites carrying daf-
16(mu86) were further singled and double-homozygous mutants
were obtained in the fourth generation and the strains were verified
by PCR.
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Table 2.1. List of C. elegans strains used in this study
DESIGNATION STRAIN NAME GENOTYPE SOURCE
Wild-type N2 C. elegans wild isolate
(Bristol Strain)
CGC
daf-2 CB1370 daf-2(e1370) III CGC
daf-7 CB1372 daf-7(e1372) III CGC
daf-2;daf-12 - daf-2(e1370) III; daf-
12(rh61rh411) X
-
daf-16 CF1038 daf-16(mu86) I CGC
daf-16;daf-7 - daf-16(mu86) I; daf-7(e1372)
III
-
mito::GFP SD1347 ccIs4251 [(pSAK2) myo-
3p::GFP::LacZ::NLS
+ (pSAK4) myo-
3p::mitochondrial GFP
+ dpy-20(+)]
CGC
sodh-1 RB2114 sodh-1(ok2977) V CGC
sams-1 RB2240 sams-1(ok3033) X CGC
sams-1 VC2428 sams-1(ok2746) X CGC
2.1.2 Bacterial Strains
The Escherichia coli strain NA22 was used as a food source for worms.
To obtain cholesterol-free conditions, agar was replaced by agarose
(extracted three times with chloroform) and peptone was omitted
from plates. An overnight culture of the NA22 strain of E. coli was
grown on a sterol-free culture medium DMEM. Bacteria were rinsed
with M9 medium (42 mM Na2HPO4, 22 mM KH2PO4, 86 mM NaCl,
1 mM MgSO4.7H2O) before use (Matyash et al. 2004).
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2.1.3 Preparation of Bacterial Extract
E. coli NA22 bacteria was inoculated in 2 liters of low-glucose DMEM
and incubated overnight at 37 °C at 200 rpm. After the overnight in-
cubation, bacterial suspension was pelleted at 4000 g for 20 min at 4
°C. Bacterial pellet was dissolved in 40 ml of methanol and incubated
for 1 h in a glass tube at room temperature. The methanolic bacterial
suspension was pelleted at 1100 g for 20 min at 4 °C. Supernatant
was taken and washed twice with 2 volumes of hexane in a sepa-
rating funnel with glass plug (Lenz, Germany). Purified methanolic
bacterial extract (BE) was dried with nitrogen flow at room temper-
ature. Dried BE was dissolved in 2 ml of 50% methanol and filtered
with a syringeless 0.45 µm PTFE membrane HPLC filters (GE Health-
care, Germany). Filtrate was placed into 1 ml glass screw neck total
recovery vial (Waters, USA) and dried with nitrogen flow. After that,
BE was dissolved in 1 ml of water. Whole extraction procedure was
performed in dark. Freshly prepared BE was stored for 1 month at 4
°C without losing the activity (Mylenko et al. 2016).
2.1.4 Culture Conditions
Worms were maintained on nematode growth medium (NGM) agar
plates (1.7% (w/v) agar, 0.25% (w/v) peptone, 50 mM NaCl, 18.5 mM
K2HPO4, 6.6 mM KH2PO4, 1 mM CaCl2, 1 mM MgSO4, 13 µM choles-
terol) seeded with 10X concentrated E. coli NA22 bacterial strain
(Brenner 1974).
Liquid cultured worms were maintained in complete S-medium (100
mM NaCl, 37 mM K2HPO4, 13 mM KH2PO4, 8.8 mM tripotassium
citrate, 3 mM CaCl2, 3 mM MgSO4, 1.2 mM citric acid monohydrate,
50 µM Na2EDTA, 25 µM FeSO4, 10 µM MnCl2, 10 µM ZnSO4, 1 µM
CuSO4, 13 µM cholesterol, pH 6) (Sulston and Brenner 1974) supplied
with antibiotics (10 mg\mL streptomycin, 2 mg\ml nystatin) and
10X concentrated E.coli NA 22 bacterial strain.
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2.1.5 Preparation of Dauers
Wild-type starvation dauers of C. elegans (N2 Bristol) were prepared
by 1% SDS treatment of mixed stages collected from starved plates
(Cassada and Russell 1975).
Lophenol dauers were obtained as previously described (Matyash et
al. 2004), by growing worms for 2 generations on cholesterol-free
agarose plates. Control L3 larvae were prepared by growing the
worms on agarose plates with mini bacteria supplied with choles-
terol.
Dauers of temperature-sensitive dauer-constitutive (Daf-c) mutants
were produced by incubating embryos at the restrictive temperature
(25 °C) for 4-5 days until dauer formation.
2.2 Dauer Exit Assays
Dauer exit was initiated in starvation dauers by introducing bacte-
ria as the food source. In temperature sensitive strains, dauers were
transferred to the permissive temperature (15 °C) in the presence of
bacteria. Dauer exit was documented 6, 12, 24 and 48 hours after
the initiation of postdauer formation on plate and in liquid culture
using stereomicroscope (Olympus SDF PLAPO 1XPF objective, X-
Cite 120PC Q series light source (120 W metal halide lamp), Ex 530-
550/Em 575Qimaging monochrome CCD camera, QCapture 2.90.1
software). Similarly, dauer exit was scored on plates containing 50
mM LiCl (Sigma Aldrich, USA) combined with NGM agar and sup-
plied with bacteria.
For the dauer exit comparison between wild-type and sams-1 mu-
tant strains, rate of dauer exit was scored by measuring the sizes of
worms after 24 and 48 hours of the introduction of bacteria.
To compare the growth of dauers and L3 larvae, both were incu-
bated in shaken liquid culture in the presence of bacteria. Fluorescent
mito::GFP strain (Section 2.1.1) was used to form L3 larvae. After 24
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and 48 hours of incubation in liquid at 25 °C, both dauers and repro-
ductive larvae were observed under stereomicroscope, documented
and lengths were measured.
To observe dauer exit under hypoxic conditions, wild-type starva-
tion dauers were incubated on NGM plates containing feeding bacte-
ria, in Hypoxia Incubator Chamber (Stemcell Technologies, Canada)
for 48 hours. For each assay, the oxygen concentration in the cham-
ber was set between 0.1-1%. Hydrated nitrogen gas was pumped
into the chamber, until the oxygen meter GOX100 (Greisinger, Ger-
many) showed the desired oxygen concentration.
2.3 Pumping Measurements
After introduction of bacteria to starvation dauers on plates and in
liquid culture at 25 °C, pumping behavior was observed with a stere-
omicroscope and pumps per minute were counted for 20-30 worms
per condition. Counting was performed initially and 2, 4, 6, 12 hours
after the introduction of bacteria.
To test the ethanol effect on pumping, dauers were incubated with
0.5% EtOH in the liquid culture at 25 °C for 6 hours. While dauers
alone were observed as the negative control, dauers with bacteria
were used as the positive control. Pumping was observed with
a stereomicroscope and pumps per minute were counted for 6-10
worms per condition.
To observe pumping using fluorescent beads, N2 starvation dauers
were incubated for 3 h in 300 µl water in 1.5 ml tubes (Eppendorf)
with the positive control containing 50 µl of BE and test sample con-
taining BE with 50 mM lithium chloride by mixing at 1050 rpm in
a thermomixer (Eppendorf, Germany) at 25 °C. Bioassay was per-
formed in the presence of antibiotics (50µg/ml kanamycin to prevent
contamination with mycoplasma, gram-positive and gram-negative
bacteria; 2.5 µg/ml amphotericin B to prevent contamination with
yeasts and mold; 100 µg of streptomycin and 100 units of peni-
cillin to increase protection against gram-positive and gram-negative
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bacteria). After 3 hours of incubation, 0.8 µl of fluorescent mi-
crospheres 63 (Fluoresbrite™ Polychromatic Red 0.5 Micron Micro-
spheres) (Kiyama et al., 2012) were added to each condition and af-
ter 2.5 hours incubation with beads, dauers were washed three times
with 0.5% Tween 20 and two times with water. Finally dauers were
subjected to microscopy analysis. Pumping activity was assessed by
dividing the fluorescence intensities in each condition by the inten-
sity of negative control.
2.4 Oxygen Consumption Rate (OCR)
Measurement
Oxygen consumption measurement was performed using the Sea-
horse XFe96 System (Seahorse Bioscience, USA). After incubating
dauers with bacteria and/or lithium for 0, 3, 6, 9, and 12 hours,
worms were collected in 1x M9 medium and washed intensively to
remove excess bacteria. Approximately 100 worms were pipetted in
a total volume of 200 µl solution in each Seahorse XF96 96-well mi-
croplate well. Corner wells were filled with solvent alone, to estimate
the background measurement. For each condition 5-6 wells (techni-
cal replicates) were used. After measurements, number of worms
was counted in each well and numbers were used for normalization
since the size difference was negligible between dauers and exiting
dauers within 12 hours. Three normalized OCR measurements were
averaged for each condition.
2.5. Biochemical Analyses of Lipids and
Sugars
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2.5 Biochemical Analyses of Lipids and
Sugars
2.5.1 Acetate and Ethanol Labeling
For the acetate labeling, second-generation embryos of lophenol-
grown worms were incubated on E. coli NA22 cholesterol free bac-
teria containing 10 µCi 1-14C-NaCH3COO (Hartmann Analytic, Ger-
many) until the dauer formation.
Ethanol labeling was performed by directly incubating wild-type
and sodh-1(ok2977) dauers with 10 µCi of 1-14C-EtOH (Biotrend, Ger-
many), in 10 ml complete S-medium. To test the disulfiram effect, in
the first approach, eggs were grown on 2.7 mM disulfiram contain-
ing NGM plates supplied with bacteria until the plates were starved;
then starvation dauers were collected. In the second approach, wild-
type starvation dauers were directly incubated in complete-S culture
supplied with ethanol and 2.7 mM disulfiram.
2.5.2 Extraction of Hydrophilic and Hydrophobic
Compounds
Worms were homogenized by freezing in liquid nitrogen and thaw-
ing in an ultrasound water bath. Freezing-thawing cycles were re-
peated for 5 times to fully homogenate the worm samples. After
that, organic compounds were extracted from homogenized samples
according to the Bligh and Dyer method (Bligh and Dyer 2011).
In this method, 1 ml of homogenate is first mixed with 3.75 ml of
CHCl3:CH3OH (1:2 v/v) for at least 20 min. Then the mixture is cen-
trifuged at 3000 g for 5 min at room temperature to pellet the debris
(cuticle and non-soluble material). The supernatant is transferred to
another tube and 1.25 ml CHCl3 is added and mixed. Then 1.25 ml
H2O is added to the mixture and mixed again. To accelerate phase
separation, tubes were centrifuged at 3000 g for 10 min at room tem-
perature. At the end, the mixture is separated into an upper (aque-
ous) phase that contains hydrophilic molecules (e.g. sugars), a lower
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(organic) phase that contains hydrophobic molecules (e.g. lipids and
glycolipids) and a thin interphase that contains mostly proteins. Up-
per and lower phases were transferred into tubes and dried in a vac-
uum drier. Aqueous fractions were dissolved in 50% CH3OH, while
organic fractions were dissolved in CH3OH:CH3OH (1:2, v/v). Total
radioactivity in each sample was measured by a scintillation counter.
2.5.3 Thin Layer Chromatography (TLC)
Aqueous fractions of radioactively labeled worms were analyzed ac-
cording to their hydrophobicity, on two-dimensional thin layer chro-
matography (2D-TLC). After the Bligh and Dyer extraction, sam-
ples were normalized according to the number of worms in each
condition, and loaded on glass HPTLC plates (Merck, Darmstadt,
Germany) covered with silicate. Plates were run for the first di-
mensional separation, with the TLC solvent system 1-propanol-
methanol-ammonia (32%)-water (28:8:7:7, v/v/v/v) in chambers.
After separation on a distance of 7 cm, plates were dried. Sec-
ond dimensional separation was performed on the other axis of the
plate using TLC solvent system 1-butanol-acetone-glacial acetic acid-
water (35:35:7:23, v/v/v/v). After separation of 7 cm, plates were
dried again and sprayed with surface autoradiography enhancer
EN3HANCE Spray (PerkinElmer, USA). Plates were covered with
stretch wrap and exposed to an X-ray film (Kodak Biomax MR, Ger-
many) in an exposure cassette.
Organic fractions were analyzed on the one-dimensional thin layer
chromatography (1D-TLC) after the Bligh and Dyer extraction. Ex-
tracts were loaded on glass TLC plates and run with the TLC sol-
vent system chloroform-methanol-water (45:18:3, v/v/v) in cham-
bers. After the one-dimensional separation, drying and exposure
was applied same as 2D-TLC system.
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2.6 Analyses of the Proteome
2.6.1 Protein Extraction
Worms were collected in Lysis Buffer (7 M urea, 2 M thiourea, 30
mM Tris, 4% CHAPS (w/v), 1x protease inhibitor cocktail (Promega,
USA), pH 9.1) for 2-dimensional difference gel electrophoresis (2D-
DIGE). Samples were then homogenized by freezing/thawing in liq-
uid nitrogen and sonication bath for 5 times. Homogenates were
centrifuged at 4500 g for 2 min at 4 °C and the pellet was discarded.
Proteins in supernatants were concentrated by filtering on a Nanosep
omega membrane centrifugal device with a molecular weight cut-off
3 KDa (Pall Corporation, USA).
Amounts of proteins were determined by Pierce 660 nm Protein As-
say Reagent (Thermo Fisher Scientific, USA), using Protein Assay
Standard II bovine serum albumin (Bio-Rad, Germany) as the ref-
erence.
2.6.2 Minimal Labeling of Proteins
Proteins were labeled with CyDye DIGE Fluor dyes (GE Healthcare,
Germany) by using minimal labeling protocol prior to 2D-DIGE. In
this method CyDye DIGE Fluor dyes containing Cy2, Cy3 or Cy5
are covalently bound to 1-2% of lysine (K) residues in proteins. 50
µg of total protein extract in urea lysis buffer (Section 2.4.1) from
each condition was mixed with 250 pmol CyDye DIGE Fluor dye in
separate tubes and incubated on ice for 30 min. L-lysine (10 mM)
was added in each tube to stop the reaction. After adding L-lysine,
tubes were incubated on ice for 10 min.
2.6.3 2-Dimensional Difference Gel Electrophoresis
After the labeling of proteins with CyDyes separately, equal volumes
of 2x rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS (w/v),
100 mM dithiothreitol (DTT)) was added into each tube. After
incubating on ice for 10 min, samples were pooled. 1x Bio-lyte 1/10
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ampholyte solution (Bio-Rad, Germany) was added into the mixture
and 1x rehydration buffer (same composition as 2x rehydration
buffer, only with 50 mM DTT) was added to a final volume of 350 µl.
17 cm ReadyStrip immobilized pH gradient (IPG) strips (pH 3-10)
(Bio-Rad, Germany) were rehydrated passively with the rehydration
solution containing pooled samples for 24 h. After the rehydration,
isoelectric focusing (IEF) was performed in a Protean IEF System
(Bio-Rad, Germany) with the following protocol:
Step #1. 0 V  250 V 2 h
2. 250 V 1 1000 V 1 h
3. 1000 V 1 3000 V 1 h
4. 3000 V 1 5000 V 1 h
5. 5000 V  10000 V 2 h
6. 10000 V  10000 V 35000 Vh
7. 10000 V  750 V hold
After the IEF procedure, IPG strips were equilibrated with equilibra-
tion buffer (6 M urea, 2% sodium dodecyl sulfate (SDS), 50 mM Tris,
20% glycerol (v/v), 130 mM DTT) for 10-15 min on an orbital shaker
and then placed on top of a 1 mm-thick 20 cm x 20 cm 12% polyacry-
lamide gel (12% (v/v) acrylamide:bisacrylamide (37:5:1), 375 mM
Tris, 0.1% (w/v) SDS, 2.2 mM ammonium persulfate (APS), 43 µM
N,N,N’,N’-tetramethyl-ethane-1,2-diamine (TEMED), pH 8.8). The
polyacrylamide gel electrophoresis was performed at 200 V for 5 h
in 1x electrode buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH
8.3). PageRuler Plus pre-stained protein marker (Fermentas, USA)
was used to visualize separation during electrophoresis and to ap-
proximate molecular masses during protein spot analyses.
Lastly, the gel was scanned in a Typhoon 9500 Fluo and Phospho
Imager (GE Healthcare, Germany) at 100 µm pixel resolution for Cy2
(488 nm 20 mW blue Ar+ laser, filter M BP 520/40), Cy3 (532 nM 20
mW solid state doubled frequency green Nd3+:Y3Al5O12 laser, filter
M BP 580/30) and Cy5 (632.8 nm 10 mW red He-Ne laser, filter M BP
670/30) at PMT voltages between 700-1000 V.
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2.7 Survival Assays
Wild-type dauers were incubated in 10 ml Complete-S cultures
whether with 0.5% ethanol or not. Control and ethanol cultures were
maintained shaking at 25 °C. Every week, around 50 worms were
scored for dead or alive and the cultures were renewed. Cultures
were aerated additionally once per week.
2.8 Confocal Microscopy
Prior to the microscopy to visualize mitochondria, worms were anes-
thetized using 20 mM levamisole for non-dauer stages and 500 mM
levamisole for dauer stages in M9 medium, by incubating at room
temperature for 30 min. For visualization of fluorescent beads in
pumping assay, worms were anesthetized with 20 mM sodium azide
for 15 min. For each condition, around 10-15 worms were docu-
mented.
To prepare the agarose pads, melted 2% agarose was dropped on
a microscope slide, and a second slide was immediately placed on
top to make the agarose pad thin and flat. After the solidification
of agar, one of the slides was removed. Then 20 µl of M9 contain-
ing the worms was dropped on the agarose pad. Excess liquid was
discarded with vacuum and slides were covered with cover glass.
Images of green fluorescent protein (GFP) expressing worms were
taken with Zeiss LSM 880 upright single photon point scanning con-
focal system. Samples were excited at 488 nm, and an emission spec-
trum was collected from 500-600 nm.
2.9 Image Processing
Microscopy, TLC and 2D-DIGE images were processed in Fiji (http:
//fiji.sc/wiki/index.php/Fiji). Single channel 2D-DIGE
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images were merged into red, and green channels to create compos-
ite images, then superimposed to get two color gel pictures. Bright-
ness and contrast of images were adjusted when necessary, with-
out leading to saturated pixels. Non-linear transformations (e.g.
gamma-level adjustment) were not performed on quantitative im-
ages.
2.10 Statistical Methods
Comparison between pumping rates were done by one-way ANOVA
followed by Bonferonni Multiple Comparison Test. Oxygen Con-
sumption Rates were compared by two-way ANOVA and Bonfer-
onni Multiple Comparison Test. Growth rates of dauers and L3 lar-
vae in liquid culture, and survival assays were compared by Stu-
dent’s t-test assuming equal or unequal variances, followed by F-test
for equality of variance.
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RESULTS
3.1 C. elegans Dauers Transform from Hy-
pometabolic to Normometabolic State
As described before, dauer larva and the reproductive larva of C. el-
egans differ both metabolically and morphologically. However, the
transition process from dauers to reproductive larvae has not been
well characterized until now. Therefore, in order to dissect the tran-
sitional events, the exit from dauer state was analyzed.
The first step was to characterize the timing of the morphological
changes during the transition. For that purpose, wild-type starva-
tion dauers obtained by overcrowding of the medium were trans-
ferred to plates with bacteria as the food source (Section 2.2). The
morphological changes were documented with a stereomicroscope
(Figure 3.1). Dauers incubated with bacteria, initiated the pheno-
typic transition and developed into reproductive larvae within 24
hours of incubation, subsequently giving rise to the progeny at the
end of the 48 hours. For the first 12 hours, dauers did not show
significant morphological changes while the transition had already
started. Therefore, to find out the underlying metabolic changes of
the initial course of the transition, we mainly focused on the first 12
hours of the dauer exit.
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Figure 3.1: Response of starvation dauers to food. Starvation dauers were
incubated on bacteria to monitor the exit behavior. Dauers were kept with-
out food as control. Scale bars show 500 µm.
3.1.1 Feeding is Initiated upon Dauer Recovery
Food is the initiating factor for the dauers to trigger metabolic tran-
sition. It was already described that; with the introduction of food,
dauers unplug the mouth and induce feeding. The first observable
process is the pharyngeal contraction known as pumping (Klass and
Hirsh 1976; Golden and Riddle 1984). To investigate the timing of the
initiation of feeding, wild-type dauers were incubated with bacteria
on plates. Afterwards, pharyngeal pumping was counted visually
under a stereomicroscope after 0, 2, 4, 6 and 12 hours of incubation
with food at 25 °C (Figure 3.2). Pumping was observed in dauers af-
ter 2 hours of incubation with bacteria. According to statistical anal-
yses, pumping rate did not increase significantly between 4-6 and
6-12 hours incubation. This experiment showed that, pumping was
initiated shortly after the introduction of food, and stabilized around
6 hours of incubation with bacteria.
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Figure 3.2: Activation of pumping in exiting dauers. Starvation dauers
were incubated with bacteria. Pharyngeal contractions were counted under
stereomicroscope initially and after 0, 2, 4, 6, and 12 hours of incubation.
Error bars show standard error of mean (SEM) (n=2). One-way ANOVA
was applied (****p<0.0001).
3.1.2 Oxygen Consumption Increases during Dauer
Recovery
After the onset of pumping in dauers, the next question was how the
initiation of pumping is associated with the changes in metabolism.
One possible approach was to find out how the respiration was reg-
ulated by measuring the oxygen consumption rate (OCR), which is a
very powerful method to determine the metabolic activity. To clarify
the changes in the metabolic status of dauers, OCRs were measured
using Seahorse XFe96 System (Seahorse Bioscience, USA) (Section
2.4).
As seen in Figure 3.3, dauers without any food source were con-
suming a basal level of oxygen of around 0.5 pmol/min.worm. Exit-
ing dauers significantly increased the oxygen consumption after six
hours of incubation with bacteria and reached up to 5 times higher
oxygen consumption at the end of 12 hours incubation. Hence, we
can conclude that, dauers upregulate their OCR after the onset of
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Figure 3.3: Respiration rates of dauers and exiting dauers. Wild-type
dauers incubated with or without bacteria before the OCR measurement
(n=3). ANOVA shows that dauers with food consume significantly more
oxygen than control dauers, after 9 and 12 hours of treatment (p < 0.001).
Error bars show standard error of mean (SEM).
feeding; and according to both pumping and OCR graphs, the deci-
sive time point of the metabolic activation is 6 hours after the intro-
duction of bacteria.
3.1.3 Mitochondrial Morphology Changes during
Dauer Recovery
The oxygen consumption mainly occurs in mitochondria, which was
already shown by oxygen consumption measurements in dauers ver-
sus L3 reproductive larvae in C. elegans (Erkut et al. 2016). OCR mea-
surements clearly indicated that, dauers enhance their mitochon-
drial activity after the initiation of metabolic transition. One com-
mon response to upregulate respiration in many organisms is the
modification of mitochondria. According to the literature, depend-
ing on the cell type and physiological conditions, mitochondria can
be present either as numerous morphologically distinct small or-
ganelles, or they can form large interconnected networks (Bereiter-
Hahn 1990; Benard and Rossignol 2008; Kuznetsov et al. 2009). Frag-
mented mitochondria constitute the preferred morphological state
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Figure 3.4: Mitochondrial adaptation to respiratory activity. When the
energetic need of the cell is low, fragmented mitochondria constitute the
preferred morphological state. This allows the mitochondria to remove the
damaged and inactive organelles by autophagy. In case of higher energy
consumption, mitochondrial fusion occurs to optimize the mitochondrial
function. Adapted from Westermann 2012.
when respiratory activity is low. At the same time, mitochondrial
fission is required for removal of damaged and inactive organelles
by autophagy. Fused mitochondrial networks are frequently found
in cells with active respiration. Mixing of the mitochondrial matrix
and the inner membrane after mitochondrial fusion, allows the con-
stituents of the respiratory machinery to cooperate most efficiently
(Westermann 2012) (Figure 3.4). In a recent study, dauers were
shown to have dynamic mitochondrial networks, upon desiccation
stress they modify their mitochondrial structure and function (Toy-
oda et al. 2014).
In order to visualize the mitochondria, the genetically modified
strain ccIs4251 (mito::GFP) (Table 2.1), was used. The strain carries
mitochondria- and nuclear-targeted GFP under the myo-3 promoter
(Liu et al. 2009). The florescent mitochondria of the mito::GFP strain
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was used to analyze the state of mitochondria in dauers as compared
to exiting dauers. Mitochondria of starvation dauers were found to
be highly fragmented prior to any treatment. In contrast, after incu-
bation of dauers on feeding plates for 12 hours, mitochondria were
extremely fused forming a linear web-like network (Figure 3.5).
In combination with the previous results, it has been revealed that
dauers upregulate their energy metabolism by increasing respiration
and remodeling the mitochondrial network during the metabolic
transition.
Figure 3.5: Mitochondrial morphology during the metabolic transition
of dauers. Mitochondrial morphology was visualized with confocal mi-
croscopy, after treating dauers with bacteria on plates for 6 and 12 hours.
Dauers without food were used as the negative control. Scale bars show 5
µm.
3.1.4 Biochemical Profile Changes during Dauer Re-
covery
As described before, dauers and reproductive larvae have com-
pletely distinct metabolic strategies. Dauers are capable of utiliz-
ing an alternative metabolism, processing stored lipids via the β-
oxidation and glyoxylate shunt to convert them into carbohydrates
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to obtain energy. This conversion is crucial in dauers, since one car-
bohydrate moiety which is trehalose, has an important role in stress-
resistance such as desiccation. Additionally, trehalose transport is
favored between different tissues. While glyoxylate shunt is indis-
pensable for dauers, reproductive larval metabolism is based on an
active TCA cycle and oxidative phosphorylation of substrates con-
tained in the ingested food as the primary energy source. The next
question in this study was, how these energetic changes were exe-
cuted at the biochemical level during the metabolic transition. To an-
swer this question, we decided to perform metabolic labeling with
a 14C-radioisotope of one of the most central compounds of the in-
termediary metabolism: acetate. In order to be utilized, acetate is
converted to acetyl-CoA, which can be incorporated into multiple
metabolites from different pathways: TCA cycle, gluconeogenesis,
amino acid metabolism, etc. It has been shown that in dauers, acetate
is mainly incorporated into the sugar trehalose as a result of an active
glyoxylate pathway and gluconeogenesis (Erkut et al. 2016). At the
same time, in reproductive larvae, acetate is distributed among many
metabolites due to intensive TCA cycle and consequent cataplerotic
reactions. Thus, the metabolic signatures of dauers and reproduc-
tive larvae are disparate when visualized by 2D-TLC radiograms of
metabolic extracts from 14C-acetate labeled worms (Figure 3.6). Us-
ing this method, we decided to examine when the change from dauer
to reproductive metabolism occurs in the course of the dauer exit.
To label worms; lophenol dauers and L3 reproductive larva were
fed with radioactive acetate during the larval growth (Section 2.1.5).
When relocated to plates containing cholesterol or DAs, lophenol
dauers develop consequently to L4 larvae and adults (Hannich et
al. 2009; Matyash et al. 2004). Thus, a fraction of collected lophe-
nol dauers was incubated with bacteria containing cholesterol, or
without any bacteria for 6 and 12 hours; while the other fraction
was extracted immediately. Labeled organic compounds from lophe-
nol dauers, lophenol dauers incubated without bacteria, lophenol
dauers incubated with cholesterol-containing bacteria, and L3 repro-
ductive larva were extracted by Bligh and Dyer extraction (Section
2.5.2). Following the extraction, aqueous fractions were used in two-
dimensional thin layer chromatography analysis. The localization of
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each metabolite on the TLC plate is demonstrated in Figure 3.6A.
Figure 3.6: Metabolic profiles of dauers and L3 reproductive larvae. (A)
Legend shows the positions of radioactively labeled aqueous metabolites
on 2D-TLC (Adapted from Erkut et al. 2016). (B) Radioactively labeled
metabolites of L3 larvae (left), as well as lophenol dauers (right). Enumer-
ated spots indicate trehalose (1), glucose (2), glutamate (3), and alanine (4).
Equivalent metabolome extracts were separated and exposed for 2 days for
both larval stages.
As seen in Figure 3.6, the dauer larva and the reproductive larva are
significantly different at the biochemical level. Remarkably, dauers
favored the synthesis of trehalose, out of lipids, which is the essen-
tial sugar molecule in C. elegans that can be transported as an energy
source between tissues. In contrast, reproductive larva largely in-
corporated the radioactive carbon, into amino acids and molecules
of Krebs cycle. When exiting lophenol dauers were observed using
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Figure 3.7: Metabolic profiles of exiting dauers. Radioactively labeled
metabolites of wild-type lophenol dauers either incubated with bacteria
(containing cholesterol) or without bacteria, for 6 and 12 hours. Equiva-
lent metabolome extracts were separated and exposed for 2 weeks for both
larval/experimental stages.
the same technique, after 6 hours of initiation of exit, dauers were
shown to have no significant change in the biochemical profile com-
pared with the control. Nevertheless, distinguishable changes were
observed in the abundances of the compounds after 12 hours of in-
cubation, dauer-specific metabolism such as elevated trehalose syn-
thesis was not favored anymore. Instead, the radioactive carbon was
incorporated into TCA cycle intermediates and amino acids. More
specifically, within 12 hours, exiting dauers constituted a metabolic
profile very similar to reproductive larval stages (Figure 3.7). Thus,
the rearrangement of the intermediary metabolism is a relatively late
event, comparable to mitochondrial remodeling, which occurs ap-
proximately around 12 hours after the onset of feeding.
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3.1.5 Translational Response to Dauer Recovery
According to the observations so far, dauers advance through a com-
plex metabolic transition program, to exit the dauer stage and to
form the reproductive larva. To initiate the metabolic transition,
dauers need to express the required regulatory/structural proteins.
To determine which proteins regulate the dauer exit, translational re-
sponse during metabolic transition was investigated.
To manifest the changes in the proteome and to detect the post- trans-
lational changes during the dauer transition, 2D-DIGE was applied.
This technique allows 2-3 protein samples to be compared within the
same gel. Protein samples labeled with different cyanide dyes (Sec-
tion 2.6.2) were mixed together and separated in two dimensions,
first according to their isoelectric points (pIs), and then according to
their sizes (Section 2.6.3). After this, the 2D-gel was scanned with
three lasers to detect the fluorescence from cyanine dyes, and the im-
ages were superimposed (May et al. 2012).
In this experiment, protein samples from wild-type dauers were an-
alyzed. As a control, a fraction of dauers was incubated without bac-
teria through the incubation period, while the rest of the dauers were
incubated with bacteria. To understand the hierarchy of protein ex-
pression, dauers were incubated either for 4 hours or 12 hours to
observe the initial or late protein expression during the dauer tran-
sition, respectively. Proteins were then extracted and analyzed in
2D-gels as described (Section 2.6). Control and exiting dauers were
labeled with Cy2 and Cy3 respectively.
Figure 3.8 shows the proteomes of control and exiting dauers after 4
and 12 hours. Cy2 (control) and Cy3 (exiting) channels were colored
red and green, respectively. In these gel images, any green protein
spot is a protein that is either synthesized de novo or highly upreg-
ulated or post-translationally modified during the metabolic transi-
tion of exiting dauers. Yellow spots are the proteins that were in
comparable amounts in both samples. Red spots are the proteins
that were either degraded or highly downregulated during the exit
of dauers.
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Figure 3.8: Changes in the proteome during the metabolic transition of
dauers. (A) Changes in the proteome after 4 hours of incubation of dauers
with bacteria. (B) Changes in the proteome after 12 hours of incubation of
dauers with bacteria. Red and green channels are Cy2-labeled control and
Cy3-labeled exiting dauers, respectively. Yellow is the merged image. The
molecular weight (in kDa) and the isoelectric point (pI) scales are shown
on the left and upper sides of the gel image, respectively. (C-G) Selected
regions of the gel are shown in detail. Control and food-introduced samples
are marked with minus (-), and plus (+), respectively. Regions are enlarged
and the brightness and contrast of images are adjusted differently than the
main gel to visualize more details.
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Unlike the 4 hours of incubation of dauers with food (Figure 3.8A),
after 12 hours of incubation, a massive translational upregulation
was observed (Figure 3.8B). Green protein spots indicate either
newly synthesized or highly upregulated proteins after incubating
dauers with bacteria. Thus, the global translational upregulation is
relatively a late event of the exit.
We asked what earlier proteomic changes of the exiting dauers were
observable. After incubating dauers with bacteria for 4 hours, the
majority of the protein spots were yellow, suggesting little differ-
ences in the proteome. Yet, there were four green and two red pro-
tein spots that were being upregulated and downregulated during
the first 4 hours of dauer to reproductive larval transition, respec-
tively (Figure 3.8A). We reasoned that these early protein changes
might represent important regulatory events determining the transi-
tion from the dauer state to the reproductive state. Spots of interest
were cut out from the gel and further analyzed by mass spectrome-
try. Panels C-G in Figure 3.8 show enhanced views of selected spots
in the gel for both conditions.
According to the results of the mass spectrometry analysis, in Fig-
ure 3.8A there were two significantly downregulated proteins iden-
tified as SCL-12 (lower) and SCL-13 (upper) proteins in C. elegans
(Figure 3.8C). Based on sequence data, SCL (sperm-coated-like) pro-
teins are predicted to be extracellular proteins carrying SCP/TAPS
(Sperm-coating protein-like/Tpx-1/Ag5/PR-1/Sc7) domains (Shaye
and Greenwald 2011). SCP/TAPS family members have been iden-
tified in various eukaryotes and belong to the cysteine-rich secretory
protein (CRISP) “superfamily” (Chalmers et al. 2008). These pro-
teins clearly disappeared in dauers after incubation with food for 4
hours. Another significant modification occured in the muscle regu-
latory myosin light chain proteins MLC-1 and MLC-2, the left spot
being the phosphorylated form (Figure 3.8D). Additionally, there
were three upregulated protein spots in the early response to food
in dauers. Figure 3.8E shows LEV-11/tropomyosin, an actin-binding
contractile structural protein orthologous to human tropomyosin 1.
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Figure 3.9: Growth rates of exiting N2 and sams-1 dauers. N2, sams-
1(ok2746), and sams-1(ok3033) dauers were incubated with bacteria up to 48
hours. One-way ANOVA was applied (p < 0.001). Error bars show standard
deviation (SD).
Figure 3.8F displays RSU-1, ortholog of human Ras suppressor pro-
tein 1 involved in innate immune response. On Figure 3.8G SAMS-
1/S-adenosyl methionine synthetase, one of the main methyl group
donors in many biochemical reactions, is visible .
To find out the possible effect of the loss of SAMS-1 protein on dauer
exit, deletion mutants sams-1(ok2746) and sams-1(ok3033) dauers were
compared with wild-type dauers during the first 48 hours of exit.
According to Figure 3.9, the sizes of exiting dauers of N2 and sams-1
strains differed significantly after both 24 and 48 hours of incubation.
We concluded that, SAMS-1 was required for the proper growth of
dauers during the metabolic transition.
2D-DIGE analysis revealed that certain proteins such as LEV-11,
RSU-1, and SAMS-1 were significantly upregulated during the first
hours of metabolic transition in dauer larva, while SCL-12/-13 pro-
teins were highly downregulated. On the other hand, MLC-1/-2
were dephosphorylated during the dauer transition. Additionally,
SAMS-1 protein was shown to be important for the proper growth of
exiting dauers.
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3.1.6 Lithium Inhibits the Metabolic Transition of
Dauers
In order to understand what regulatory factors govern the exit from
dauer state, we decided to employ an additional approach: to estab-
lish physical/chemical treatments that obstruct the dauer exit and to
attempt to identify the targets of these treatments as possible exit
regulators. In a previous study in the laboratory (Penkov S. and
Kurzchalia T.V., unpublished data), it was shown that 50 mM lithium
chloride inhibited the larval growth of L1 starved larva. When
food is not available, L1 larvae enter an arrested diapause state in
which they can survive for several weeks. In this perspective, the
L1 larva can be considered as a developmental checkpoint similar
to the dauer larva. When feeding is resumed, the L1 larva proceed
to normal development. However, if lithium ions are added to the
feeding medium, L1 larvae fail to exit from the arrested state, al-
though they do not lose their viability. We designed an experiment;
in which 50 mM lithium chloride was mixed with agar plates and
the metabolic transition of N2 dauers was observed. Interestingly,
starvation dauers failed to grow to reproductive larval stages in the
presence of lithium ions, even in the developmentally favored con-
ditions.
To understand which component of the dauer regulatory pathway
lithium was acting on, several mutants of daf-c and daf-d genes were
tested in the presence of lithium. daf-2(e1370) and daf-7(e1372) tem-
perature sensitive mutant dauers, which form dauers when embryos
are grown at the restrictive temperature (25 °C), failed to exit in the
presence of lithium after being transferred to the permissive temper-
ature (15 °C) and supplied with food (Figure 3.10). This indicated
that, lithium was either acting downstream of TGFβ and insulin-like
pathways, or it was working on a parallel pathway. To clarify this,
downstream effectors of both pathways were tested in the presence
of lithium. DAF-2/insulin-like receptor is known to inhibit DAF-
16/FOXO transcription factor as the final regulator of the insulin-like
signaling to activate reproductive growth. The second regulatory
pathway DAF-7/ TGFβ has the final constituent DAF-12/nuclear
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Figure 3.10: Figure 3.10. Effect of lithium on dauer transition. Arrow-
heads indicate dauers, (left) dauers incubated with food at restrictive tem-
perature for 72-96 hours (right) dauers incubated with food at restrictive
temperature with 50 mM Li+ for 72-96 hours. Scale bar shows 750 µm.
hormone receptor, which is inhibited by DAF-7 through the produc-
tion and binding of DAs. DAF-12 and DAF-16 together activate and
regulate the dauer program.
The lithium effect was confirmed to be downstream or in parallel
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to the TGFβ, insulin and steroid hormone pathways since it inhib-
ited the dauer exit of the daf-2(e1370);daf-12(rh61rh411) dauer-like lar-
vae, as well as daf-16(mu86);daf-7(e1372) L3-like larvae (Figure 3.10).
N2 and daf-16 lophenol dauers which are analogous to daf-7 and
daf-16;daf-7 mutants, were also confirmed to be unable to exit on
lithium, even in the exit favoring conditions (data not shown). It
is also demonstrated that inhibition by lithium cannot be rescued
with dafachronic acid, further indicating the downstream action
of lithium. On the other hand, when dauers were removed from
lithium-containing plates and placed on fresh media containing bac-
teria without lithium, dauer exit was initiated. We concluded that
the inhibition of dauer transition by lithium chloride was reversible.
This drove us to understand the possible target(s) of lithium ions.
First, we tested the inhibitory effect of lithium on the metabolic tran-
sition during the dauer exit. Previous results have shown the acti-
vation of feeding as the first event observed in exiting dauers (Fig-
ure 3.2). To observe the ingestion of food, N2 dauers were collected
and incubated with bacterial extract that activates feeding (Section
2.1.3), with or without lithium ions in the presence of fluorescent mi-
crospheres (Mylenko et al. 2016). Lithium was added with bacterial
extract to observe its effect on feeding. Worms were incubated for
0, 2, 4 and 6 hours, and the confocal microscopy was performed to
observe the accumulation of fluorescent beads inside the intestinal
lumen of worms as an indicator of opening of the mouth and pump-
ing activity (Section 2.3).
Figure 3.11A shows the ratios of accumulation of fluorescence in
each condition. Confocal images showing the accumulation of flu-
orescent microspheres after six hours were depicted in Figure 3.11B.
As demonstrated on the graph, dauers started accumulating fluores-
cent beads in their guts after the 2 hours of incubation with bacterial
extract. This was consistent with the pumping measurements per-
formed with dauers incubated on bacteria, in which dauers initiated
the pumping after 2 hours. However, when bacterial extract was
combined with lithium chloride, the accumulation of florescence was
highly inhibited. This result clearly showed that lithium inhibited
the activation of pumping.
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Figure 3.11: Effect of lithium on activation of pumping. (A) All samples
were compared with dauers in water as the negative control. Conditions
were applied as bacterial extract (BE) alone, bacterial extract with lithium
(BE+LiCl), and water as the negative control. Fluorescence intensity ratios
were log-transformed and one-way ANOVA was applied (***p<0.001). Er-
ror bars show standard deviation (SD). (B) Confocal images of worms incu-
bated with fluorescent beads in each condition after 6 hours of incubation.
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Figure 3.12: Effect of lithium on respiration rates of exiting dauers. Res-
piration rates were measured with or without lithium in exiting dauers
(n=3). ANOVA shows that dauers with food consume significantly more
oxygen than control dauers, after 9 and 12 hours of treatment (p < 0.001).
There was no significant difference between dauers on food supplied with
lithium and dauers without food. Error bars show standard error of mean
(SEM).
In previous results, it was shown that the activation of pumping was
followed by the upregulation of oxygen consumption. To test the ef-
fect of lithium on respiratory activity during the dauer exit, lithium
was introduced on agar plates with bacteria, and dauers were incu-
bated on plates containing 50 mM LiCl. After the incubation, OCRs
were measured using the Seahorse system (Section 2.4). Figure 3.12
shows the effect of lithium on the oxygen consumption of the exit-
ing dauers. While dauers with bacteria alone started upregulating
oxygen consumption, lithium inhibited the increase in oxygen con-
sumption.
During the metabolic transition, dauers upregulate the translation
of many proteins as demonstrated in Figure 3.8. So far, lithium has
been shown to inhibit the exit from the dauer stage and the activation
of pumping and respiration. To better understand the underlying
mechanisms and to detect the candidate proteins involved in these
inhibitory effects, 2D-DIGE analysis of dauers treated with lithium
was performed. Prior to labeling, all samples were incubated at 25 °C
for 24 hours. Dauers alone as the control sample were labeled with
Cy2, while dauers on bacteria were labeled with Cy3, and dauers on
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bacteria with 50 mM lithium chloride were labeled with Cy5 fluo-
rescent dyes (Section 2.6.2). As seen in Figure 3.13, dauers on food
upregulate the translation of many proteins at the end of 24 hours
incubation. However, when exit-triggered dauers were incubated in
the presence of lithium, the translational upregulation is fully inhib-
ited.
Figure 3.13: Effect of lithium on protein translation. (left) Changes in
the proteome after 24 hours of incubation of dauers with bacteria. Red and
green channels are Cy2-labeled control and Cy3-labeled exiting dauers, re-
spectively. (right) Changes in the proteome after 24 hours of incubation
of dauers with bacteria and 50 mM lithium. Red and green channels are
Cy2-labeled control and Cy5-labeled dauers with bacteria and lithium, re-
spectively. Yellow is the merged image. The molecular weight (in kDa)
and the pI scales are shown on the left and upper sides of the gel images,
respectively.
Remarkably, it has been shown that lithium ions inhibit several as-
pects of the exit: growth, activation of the feeding, oxygen consump-
tion and global translation, except the downregulation of SCL pro-
teins. This suggests that lithium affects an early fundamental pro-
cess required for the exit from dauer state. Further studies of the
molecular target(s) of lithium might reveal a ‘master regulator’ of
this transition.
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3.1.7 Dauer Exit is Inhibited in Liquid Culture
Growing worms in liquid culture is a technique to obtain high
amounts of worms with minimal effort. During the metabolic tran-
sition experiments, a portion of dauers were incubated in liquid cul-
ture with bacteria. Surprisingly, in contrast to dauers incubated on
plates with bacteria, dauers in liquid culture never executed the tran-
sition to reproduction even after 48 hours (Figure 3.14).
Figure 3.14: Morphological changes of dauers incubated on plate or in
liquid with bacteria. Starvation dauers were incubated in liquid culture
with bacteria to monitor the exit behavior. Dauers on plates supplied with
bacteria were used as positive control. Scale bars show 500 µm.
Although we have observed that dauer recovery was inhibited in
liquid culture, it was not clear if the liquid culture has a general neg-
ative effect on the larval growth, or if the inhibition of growth was
exclusive for the dauer metabolic transition. To test this, dauers and
L3 reproductive larvae were mixed and incubated in the same liquid
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culture (Section 2.2). To differentiate between dauers and L3 lar-
vae, dauers were obtained from the wild-type, GFP non-expressing
strain, while L3 larvae were obtained from a GFP expressing strain.
Therefore, L3 larvae and dauers could be easily distinguished under
a fluorescent microscope. The growth of worms was monitored by
measuring the sizes of dauers and L3 larvae initially and after 24 and
48 hours of incubation at 25 °C. At the end of incubations, dauers
preserved their initial length and did not grow significantly, while
L3 larvae had developed into young adults (Figure 3.15). This re-
sult clearly indicated that the incubation in liquid environment does
not generally inhibit the growth of worms, but obstructs the devel-
opment of exiting dauer larva.
As documented in Figure 3.14, dauers did not trigger the morpho-
logical transition in liquid culture until the end of 48 hours incuba-
tion. Besides, dauers were further kept in liquid culture with food
as long as they survived (around 12 days). However, none of the
dauers initiated the morphological transition. Nevertheless, it was
clearly confirmed in previous results that, dauers incubated in liquid
culture with bacteria were capable of ingesting florescent beads, in-
dicating the activation of feeding. To further confirm the pumping
activity, manual counting was performed with dauers maintained in
liquid culture as described in Section 2.3. Figure 3.16 depicts pump-
ing rates of dauers supplied with bacteria either in liquid culture or
on plate as control. Dauers in both conditions initiated pumping sig-
nificantly after the second hour of incubation with bacteria. As long
as bacteria is provided, pumping is briefly activated in dauers, inde-
pendent of whether they are on plates or in liquid culture.
To find out if the inhibition of exit in liquid is correlated with the
inhibition of the respiratory upregulation, OCR measurements were
performed. In liquid culture, dauers supplied with bacteria did not
increase the respiration rate, unlike the control dauers on plate (Fig-
ure 3.17A). To verify the low respiratory state of dauers in liquid,
mito::GFP expressing dauers were incubated with bacteria in liquid
cultures, to observe the mitochondrial morphology under confocal
microscope after 6 and 12 hours of incubation. As shown in Figure
3.17B, mitochondrial remodeling did not occur in dauers incubated
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Figure 3.15: Comparison of growth between N2 dauers and L3 larvae.
N2 dauers and GFP-expressing L3 larvae were incubated together in liq-
uid culture either with bacteria or without. After 24 and 48 hours of in-
cubation, pictures were taken with a stereomicroscope and the sizes of the
worms were measured (n=3). Upper panels show DIC images, while lower
panels show GFP images to differentiate between dauers and L3 larvae.
Arrowheads and dashed lines show the L3 larvae. Error bars show SEM.
(**p<0.01)
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Figure 3.16: Activation of pumping on plate or in liquid. Starvation
dauers were incubated with bacteria on agar plates or in liquid cultures.
Pharyngeal contractions were counted under a stereomicroscope initially
and after 2, 4, 6, and 12 hours of incubation (n = 2). Error bars show stan-
dard error of mean (SEM).
in liquid culture.
As described previously, the upregulation of energy metabolism in
exiting dauers is accompanied by a rearrangement of the metabolic
pathways. To test whether dauers in liquid change their biochemical
status when provided with food in liquid environment, 14C-acetate
labeling followed by 2D-TLC was performed (Section 2.5). Figure
3.18 clearly demonstrates that, after 12 hours of incubation with bac-
teria in liquid, biochemical states of dauers supplied with or without
food are very similar: acetate was mainly incorporated into trehalose
and to a much lower extent into other compounds This indicates that
the shift from gluconeogenesis to oxidative TCA cycle did not occur
in liquid environment.
As shown before, during the dauer transition, dauers upregulate
many proteins, potentially required for the growth and proliferation.
We questioned whether the protein translation was also inhibited
in liquid environment. To answer this question, proteomic changes
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Figure 3.17: Respiratory rate and mitochondrial morphology of dauers
in liquid with bacteria. (A) Respiration rates of dauers supplied with bac-
teria either in liquid culture or on agar plates were measured (n=3). Error
bars show standard error of mean (SEM). (B) mito::GFP starvation dauers
were incubated in liquid culture and supplied with food for 6 and 12 hours.
Confocal microscopy was performed after the incubation to visualize mito-
chondria. Scale bars show 5 µm.
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Figure 3.18: Biochemical profile of dauers incubated with or without
bacteria in liquid culture. Radioactively labeled metabolites of wild-type
lophenol dauers incubated in liquid cultures either supplied with bacteria
or not for 12 hours. Equivalent metabolome extracts were separated and
exposed for 2 weeks for both larval/experimental stages.
were observed and compared between dauers incubated in liquid
and on plates with bacteria. As seen in Figure 3.19, dauers on plates
upregulated the protein translation after 12 hours of incubation with
bacteria was used as the positive control. However, when dauers
were incubated in liquid, the global translational upregulation was
inhibited. On the other hand, we observed a marked up regulation
of three bands (Figure 3.19), which are further discussed in the next
section.
We set out to understand what physical / chemical characteristics of
the liquid medium determine the inhibitory effect on the exit from
the dauer state. According to standard calculations, the oxygen con-
centration in liquid cultures that we used amounts to 0.7%, which is
an extremely hypoxic environment. We hypothesized that the dauer
exit was inhibited in liquid culture due to the insufficient levels of
oxygen. To test this hypothesis, dauers incubated on plates with bac-
teria were placed in an oxygen chamber, where they were exposed
to different oxygen concentrations (Section 2.2). As demonstrated in
Figure 3.20, control dauers at normoxic condition with 21% oxygen
exited in the presence of bacteria after 48 hours. However dauers ex-
posed to hypoxia (between 0.1%-1% O2), either failed to exit (under
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Figure 3.19: Proteome of dauers incubated in liquid culture with bacte-
ria . (left) Changes in the proteome after 12 hours of incubation of dauers
with bacteria on plates as a positive control. Red and green channels are
Cy2-labeled control and Cy3-labeled exiting dauers, respectively. (right)
Changes in the proteome after 12 hours of incubation of dauers with bac-
teria in liquid culture. Red and green channels are Cy2-labeled control and
Cy5-labeled dauers with bacteria in liquid, respectively. Yellow color is the
merged image. The molecular weight (in kDa) and the pI scales are shown
on the left and upper sides of the gel images, respectively.
0.1% O2), or they performed the transition at a dramatically slower
rate. We concluded that the oxygen concentration might be the lim-
iting factor for the initiation of the metabolic transition.
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Figure 3.20: Effect of hypoxia on the dauer metabolic transition. N2
dauers incubated in the presence of bacteria under different oxygen con-
centrations, and morphological changes were documented after 48 hours
of incubation. Error bars show 500 µm.
3.2 Dauers can Survive Longer by Utilizing
Environmental Carbon Sources
3.2.1 Dauers Upregulate Alcohol Utilizing Enzymes
upon Ethanol Exposure
As described in the previous section, the 2D-DIGE analyses of dauers
in liquid culture showed that three protein spots were upregulated
(Figure 3.19). Mass spectrometry analysis of the protein spots re-
vealed that one doublet of spots corresponded to sorbitol dehydro-
genase (SODH-1) (Figure 3.19B), which is the alcohol dehydroge-
nase homolog in C. elegans (Williamson, Long, and Theodoris 1991;
Alaimo et al. 2012). The other protein spot was identified as the
aldehyde dehydrogenase (ALH-1) (Figure 3.19C) (Alaimo et al. 2012;
Patananan et al. 2015). The alcohol and the aldehyde dehydrogenase
convert alcohols to carboxylic acids or vice versa in two consecutive
oxidation/reduction reactions, respectively. It was remarkable that,
neither SODH-1, nor ALH-1 was upregulated during the dauer exit,
suggesting that increased amounts of these proteins are not required
for the recovery from the dauer state. Instead, they were particularly
upregulated when dauers were incubated with bacteria in liquid cul-
tures. We noticed that, the cholesterol added routinely to the liquid
culture was dissolved in 100% ethanol, which gave rise to 0.1% final
ethanol concentration. We reasoned that presence of an alcohol in the
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liquid medium, that is absent in agar plates, might induce the pro-
duction of these enzymes. Hence, addition of ethanol might cause
the upregulation of the two enzymes.
To confirm that the presence of ethanol was triggering the upregula-
tion of SODH-1 and ALH-1, dauers were incubated in liquid culture
with 0.1% ethanol alone and with bacteria alone as a control for 12
hours. As shown in Figure 3.21, bacteria alone slightly induced the
expression of SODH-1 and ALH-1. Much more prominent induction
of both enzymes occurred when dauers were incubated with ethanol
alone. In short, ethanol induced the translational upregulation of
SODH-1 and ALH-1 enzymes in dauers.
Figure 3.21: Effects of ethanol and food individually on the expression
of SODH-1 and ALH-1 proteins. Dauers were incubated in liquid cultures
alone as control, with bacteria, and with ethanol for 12 hours. Extracted
proteins were visualized with 2D-DIGE system. Gel regions containing
SODH-1 and ALH-1 proteins were magnified and brightness and contrast
of images were adjusted differently than the main gel to visualize more de-
tails.
3.2. Dauers can Survive Longer by Utilizing Environmental Carbon
Sources
57
3.2.2 Dauers Incorporate Ethanol in Sugars and Lipids
The above-mentioned findings raised the possibility that dauers can
utilize ethanol from the environment and convert it to acetic acid,
a substrate for multiple metabolic processes. This contradicted the
common knowledge, established for nearly one century, that dauer
larvae of all nematodes are unable to extract nutrients from the en-
vironment and rely entirely on internal energy reserves. There-
fore, we set out to find out whether dauers can convert ethanol to
other metabolites such as sugars, amino acids, lipids, etc. For that
purpose, dauers were incubated with a 14C-radioactive isotope of
ethanol in liquid culture. After 3 and 7 days incubation periods,
dauers were collected and extracted to obtain water-soluble and li-
pidic compounds, which were then visualized by TLC methods (Sec-
tion 2.5).
Figure 3.22: Incorporation of ethanol into the dauer metabolism. N2 star-
vation dauers were extracted after being incubated with radioactive ethanol
for 3 and 7 days. Equivalent metabolome extracts of aqueous fractions were
applied on a 2D-TLC system; organic fractions were applied on a 1D-TLC
system.
Figure 3.22 shows 2D and 1D-TLC analyses of dauers incubated with
14C-EtOH for 3 and 7 days. Astonishingly, we detected the radioac-
tive signals in multiple compounds. In the 2D-TLC of aqueous frac-
tions, radioactive carbon was mainly incorporated in trehalose and
amino acids, whereas in the 1D-TLC of organic fractions, labeled
carbon was incorporated in triacylglycerols, fatty acids and several
phospholipid groups. Overall, the TLC analyses confirmed that,
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EtOH was incorporated into the dauer metabolism and converted
into sugars, amino acids, and lipids.
3.2.3 Alcohol Dehydrogenase Mutant Incorporates
Ethanol Less Efficiently
During the exposure of dauers to ethanol, one of the upregulated
proteins was SODH-1, which is one of the orthologs of alcohol dehy-
drogenases in C. elegans. The biochemical role of SODH-1 is to cat-
alyze the first step of alcohol oxidation, to convert alcohols into alde-
hydes (Williamson, Long, and Theodoris 1991; Alaimo et al. 2012).
To confirm the role of SODH-1, radioactive ethanol was supplied
to starvation dauers of the alcohol dehydrogenase deletion mutant
sodh-1(ok2799). In comparison to wild-type dauers, as seen in Figure
3.23, sodh-1(ok2799) dauers incorporated less ethanol in both aqueous
and organic fractions of worm extracts. This result confirmed the role
of alcohol dehydrogenase in utilizing and incorporating ethanol in C.
elegans dauers.
Figure 3.23: Incorporation of radioactive ethanol in sodh-1(ok2799)
dauers. N2 and sodh-1(ok2977) starvation dauers were incubated with ra-
dioactive ethanol. Equivalent metabolome extracts of aqueous and organic
fractions were applied on 2D-TLC and 1D-TLC systems, respectively.
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Figure 3.24: Effect of disulfiram to ethanol incorporation. Wild-type
starvation dauers were incubated with radioactively labeled ethanol in the
presence of disulfiram. Equivalent metabolome extracts of aqueous frac-
tions were run on 2D-TLC system.
3.2.4 Disulfiram Inhibits the Incorporation of Ethanol
The second upregulated enzyme upon ethanol exposure in dauers
was ALH-1, which is the aldehyde dehydrogenase in C. elegans. Like-
wise, to investigate the role of ALH-1 in ethanol incorporation, alde-
hyde dehydrogenase inhibitor disulfiram (Cayman Chemical, USA)
was used (Bell and Smith 1949; Tottmar and Hellström 1979; Mar-
cato et al. 2011). Two different experimental approaches were ap-
plied for this purpose; in the first method, dauers were grown in the
presence of 2.7 mM disulfiram until the plates were starved and then
dauers were collected by SDS treatment. Collected starvation dauers
were later exposed to radioactive ethanol in liquid culture. In the sec-
ond technique, collected starvation dauers were incubated with ra-
dioactive ethanol and 2.7 mM disulfiram in liquid culture simultane-
ously. After 3 days of incubation, organic compounds were extracted
and aqueous fractions were visualized with the 2D-TLC system. In
both experiments, dauers exposed to disulfiram integrated less ra-
dioactive ethanol into their metabolism. Incorporation of ethanol in
dauers directly incubated with disulfiram is shown on Figure 3.24.
According to the results, disulfiram was confirmed to inhibit the in-
corporation of ethanol into metabolism in dauers.
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3.2.5 Ethanol does not Activate the Pumping
Upon observing the incorporation of ethanol into the metabolic path-
ways in the dauer larva, we asked the question whether ethanol acts
as a food signal and initiates the pumping. To investigate the role
of ethanol on feeding, we incubated the dauers in the presence of
0.5% ethanol and observed pumping activity (Section 2.3). As seen
in Figure 3.25, compared with positive control incubated with food,
ethanol exposure in dauers did not activate pumping; which indi-
cated that ethanol cannot act as the food signal in dauers.
Figure 3.25: Effect of ethanol on pumping. Dauers were incubated with
ethanol (0.5%) or bacteria and pharyngeal contractions were measured un-
der stereomicroscope after 6 hours of incubation. Dauers alone were visu-
alized as the negative control. Error bars show standard deviation (SD).
3.2.6 Ethanol Increases the Lifespan of Dauers
So far, ethanol was shown to be incorporated into dauer metabolic
pathways due to the activity of alcohol and aldehyde dehydroge-
nases. However, the most important question remained, what ad-
vantage gives the ethanol incorporation to the dauer larva. It is a
known fact that, dauers survive up to several months without feed-
ing by converting their internal lipid reserves to carbohydrates as
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Figure 3.26: Life-span of dauers supplied with or without ethanol in
liquid culture. Starvation dauers were incubated in liquid cultures either
containing ethanol or not. Dauers were scored as dead or alive by visual
observation every week. Error bars show SEM.
the energy source. Since ethanol was shown to be converted into
both carbohydrates and lipids, the following question was, if alcohol
could increase the survival of dauer larva. To answer this question,
a survival assay was designed (Section 2.7). Wild-type dauers were
incubated in liquid cultures with or without ethanol for long-term
survival analyses. Dauers were shown to have a significantly longer
lifespan in the presence of ethanol (Figure 3.26). Thus, dauers can
indeed utilize external carbon sources to maximize their chance of
survival for long periods of time, before the conditions for exit from
dauer stage are optimal.
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DISCUSSION
4.1 The Metabolic Transition of C. elegans
Dauers
In this study, we show that C. elegans dauers follow a complex well-
timed metabolic transition upon being exposed to bacteria, in which
they alter distinct regulatory components of their metabolism.
Upon introduction of bacteria the morphological changes in dauers
were investigated, dauers were observed to change their morphol-
ogy significantly, approximately after 12 hours of incubation with
bacteria. For that reason, we mainly focused on the first 12 hours of
the metabolic transition in order to understand the earliest metabolic
changes occurring in exiting dauers.
After investigating the dauer metabolic transition in detail, we ob-
served that after 2 hours of incubation with bacteria, dauers activated
pumping. Both counting of the pharyngeal contractions and quanti-
fying the ingested fluorescent beads by dauers confirmed this early
event. Pumping is confirmed as the earliest mechanism of the dauer
metabolic transition.
Activation of feeding was followed by the upregulation of energy
metabolism. Oxygen consumption measurements were followed as
an indication of energy metabolism regulation, which showed that
dauer larvae consume a basal level of oxygen of around 0.5 pmol per
minute per worm. Upregulation of oxygen consumption in dauers
was initiated after 6 hours of incubation with bacteria, which was
several hours later than the initiation of feeding. A similar assay was
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performed in the study of Houthoofd et al. (2002) measuring oxygen
consumption and several other metabolic activities such as heat pro-
duction, electron flow over complex I, ATP content etc. with young
and old dauers during dauer recovery (Houthoofd et al. 2002). In
this study, much faster upregulation of oxygen consumption was
observed in recovering dauers using Clark type electrodes. The dis-
crepancy may be due to the use of different technologies with differ-
ent sensitivities to detect oxygen consumption rates. Overall in this
experiment, upregulation of OCR was shown to follow the initiation
of feeding.
Since the energy machinery in the cell is mitochondria and mitochon-
dria is the organelle responsible for most of the oxygen consuming
reactions, the mitochondrial morphology in exiting dauers was in-
vestigated as a second approach to visualize the cellular energetic
state. From the literature, it is known that, mitochondrial morphol-
ogy is dependent on the energetic state of the cell. Remarkably, star-
vation dauers were shown to have fragmented mitochondria before
the introduction of food. After 6 hours of incubation with bacteria,
mitochondria were still fragmented, with slightly larger fragments.
The prominent change in mitochondrial morphology was observed
after 12 hours of incubation of dauers with bacteria. Mitochondria
were fused forming a linearized web-like network of organelles at
the end of a 12 hour incubation. It is consistent with the OCR data
that, at the end of 12 hours, mitochondrial morphology is fully re-
modeled and improved with a parallel increase of OCR of up to 5-
times higher than control dauers. Both experiments confirmed the
energetic upregulation in exiting dauers, following the activation of
feeding. As long as mitochondrial dynamics were exclusively ob-
served in muscle tissue, it is important in the future experiments to
perform the same observation in other tissues.
Next, the biochemical level of exit was surveyed. It is known that
dauers activate distinct metabolic pathways to survive longer with
the lipid reserves. The observed energetic changes in metabolism
depend on the underlying biochemical pathways. To dissect the bio-
chemical pathways of metabolic changes, biochemical profiles of ex-
iting dauers were investigated. In the exiting worms, after the first
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6 hours, there was no significant change at the biochemical level
of metabolites. However, at the end of 12 hours, exiting dauers
were observed to have less trehalose, showing that the trehalose pro-
duction was not favored anymore. While trehalose abundance de-
creased, radioactive carbon was incorporated into amino acids and
Krebs cycle intermediates as an indication of shift in metabolic state.
The recognizable change at the biochemical level occurred almost si-
multaneously with the upregulation of OCR and the remodeling of
mitochondria. However, while the mitochondrial remodeling was
slightly observable at the end of 6 hours, and the upregulation of
OCR was confirmed to initiate at 6 hours of incubation; the biochem-
ical changes were not observable at 6 hours. Detection of biochemical
changes may not be possible at earlier time points with radioactive
labeling, as cumulative incorporation of radioactive carbon requires
much longer incubation.
Lastly, regulation of protein synthesis was surveyed to detect the
proteins that regulate the metabolic transition. 2D-DIGE was applied
and followed by mass-spectrometry-based identification of selected
protein spots. Analyses in general showed that, after 12 hours in-
cubation, many proteins were either upregulated or synthesized de
novo in exiting dauers. This was consistent with the mitochondrial
and biochemical changes occurred. Therefore, incubation time was
minimized to 4 hours to detect the proteins required for the initial ac-
tivation of dauer exit. While three proteins were upregulated after 4
hours incubation time, one protein doublet was downregulated and
two proteins were post-translationally modified.
The most prominent observation was the downregulation of SCL-
12/-13 proteins. To be more specific, these two proteins almost van-
ished after a couple of hours of introduction of food. The SCL fam-
ily of proteins were predicted to be extracellular proteins with spe-
cific sperm-coating protein like protein structures. They belong to
a protein family called as SCP/TAPS (SCP/Tpx-1/Ag5/PR-1/SC7)
proteins (Cantacessi et al. 2009; Cantacessi et al. 2012; Cantacessi
and Gasser 2012). It is interesting that these proteins act in transition
from free-living to parasitic stages and modulation of host immune
responses in parasitic helminths, and C. elegans dauers are known
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to be very similar to the parasitic nematodes (Viney 2009). Func-
tionally, SCP-extracellular domains act as calcium-chelators in var-
ious signaling processes (Fernández et al. 1997). We may specu-
late that, these proteins have significant functions modulating dauer-
like metabolism and possibly long-term survival. Strikingly, even
when the dauer recovery was inhibited by lithium ions or in liq-
uid environment in the presence of bacteria, SCL proteins were still
downregulated. This indicates, SCLs are downregulated as a first re-
sponse to bacteria, independent of finalization of the metabolic tran-
sition. However, to understand the role of SCL-12/-13 in dauer spe-
cific metabolism, further studies should be conveyed. Currently, this
topic is under investigation.
Among the upregulated proteins, there is a structural protein, LEV-
11/tropomyosin and RSU-1/Ras suppressor protein homolog. RSU-
1 has unknown function in C. elegans, while LEV-11 may have a
role in active movement. LEV-11/tropomyosin is the major actin-
associated protein among eukaryotes which is coupled with troponin
and transmits the calcium signal to activate actin-myosin interaction
(Gordon, Homsher, and Regnier 2000). A loss of function mutation
in lev-11 is lethal in C. elegans (Williams and Waterston 1994; Anyan-
ful et al. 2005; Anyanful et al. 2001). LEV-11 was predicted to have
roles in embryonic development and locomotion, and is expressed
in the body wall, vulva, anus, male tail, pharynx, gut, germline and
intestine (Kagawa et al. 1995; S. Ono and Ono 2002). It is possi-
ble that LEV-11 is required and upregulated during dauer exit for
pharyngeal contractions, processing the food in the intestine and/or
foraging towards the food source.
The third upregulated protein is identified as SAMS-1, which is S-
adenosyl methionine synthetase in C. elegans. SAMS-1 is responsi-
ble for synthesis of methylating agent S-adenosyl methionine (SAM)
(Thomas and Surdin-Kerjan 1997). SAM is a key intermediate of
methionine metabolism, which regulates many biological processes
like signal transduction and gene expression. It is mainly consumed
as the major methlyating agent in transmethylation reactions for hi-
stone modifications and consequently regulating the gene activity
(Thomas and Surdin-Kerjan 1997). There are several other studies
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showing that, SAM is also used as an amino group donor in the syn-
thesis of pelargonic acid, which is the precursor of biotin (Stoner and
Eisenberg 1975). It also serves as the ribosyl group donor in the syn-
thesis of queuine, a modified base of tRNAs of prokaryotes and eu-
karyotes (Slany et al. 1993). In plants, SAM is cleaved to form the
precursors of the fruit-ripening hormone ethylene (Theologis 1992).
Recently, SAM synthesis was documented to have a role of modula-
tion of lifespan in yeasts, worms and flies via AMP-activated protein
kinase (AMPK) activation (Schosserer et al. 2015; Obata and Miura
2015; Ogawa et al. 2016).
Upregulation of SAMS-1 may have a role in general activation of
genes responsible for dauer exit. On the other hand, a study showed
that SAMS-1 has a role in lipolysis. In sams-1(t3210) mutants, lipid
droplets are bigger due to lipolysis defects (Ehmke et al. 2014). Since
dauers store lipids for long-term survival, SAMS-1 may act during
the dauer exit to convert the stored lipids into energy required for the
metabolic transition. It is supported by the growth rate of wild-type
versus sams-1(ok2746) and sams-1(ok30303) dauers, which showed
that the growth is delayed in the absence of sams-1. This result is
consistent with previous studies showing there is a growth rate vari-
ance in reproductive worms of sams-1(ok2946) mutants (Watson et al.
2014). So, it is not clear if growth rate variance is specific to dauers or
if SAMS-1 activity is required for all larval stages. However, to better
understand the importance of SAMS-1 and other modified proteins,
we should further investigate their roles during the dauer exit.
Apart from the up-/downregulated proteins, we also observed the
phosphorylation and dephosphorylation of MLC-1/-2 proteins in
exiting dauers. This suggests the dauer metabolic transition is not
just regulated via transcription and translation, but also by post-
translation. Consistent with the upregulation of tropomyosin trans-
lation, post-translational modification of myosin light chain proteins
may indicate the transformation in the muscle structure in parallel to
activated pharyngeal contractions.
Overall, the mechanisms of exit are specifically timed. However, fur-
ther time-point experiments are needed to improve the time-line and
to better figure out the interplay between these events.
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4.2 Lithium is an Inhibitor of Dauer Exit
Even though L1 larva is not a stress-resistant long-living larval stage
as dauer larva, in the case of hatching into an environment without
any food source, L1 larvae can cease growth and survive up to one
month without feeding (Baugh 2013). For that reason, L1 and dauer
larva can be described as the developmental checkpoints in the C.
elegans life cycle. Additional to that, as previously mentioned, L1 lar-
vae and dauer larvae are metabolically similar such that, both have
active glyoxylate pathways relative to other larval stages and specifi-
cally L1 larvae have less respiratory activity compared with the other
reproductive stages, similar to dauers (Wang and Kim 2003; Jones et
al. 2001; Holt and Riddle 2003). Due to the similarities between L1
larvae and dauer larvae, dauer metabolic transition was tested in the
presence of lithium, which was known to inhibit the L1 growth from
previous studies. Similar to inhibition of L1 larval growth, lithium
was shown to inhibit the dauer metabolic transition; even if the con-
ditions were favorable for reproductive growth. Therefore we as-
sumed that, lithium may have an inhibitory effect on resumption of
growth in metabolically depressed stages.
After the observation of lithium inhibiting the dauer exit in both
wild-type and temperature-sensitive mutant dauers (daf-2(e1370)
and daf-7(e1372)), to find out if lithium acts on the downstream fac-
tors of the dauer regulatory pathways, first daf-2;daf-12 temperature-
sensitive double mutants were tested in the presence of lithium.
When daf-2;daf-12 double mutant embryos are grown at 25 °C, since
DAF-12 is missing, the dauer program is not fully executed and
dauer-like larvae are formed. When dauer-like larvae are transferred
to 15 °C in the presence of food, they continue reproductive growth
by molting into L4 larva similar to dauers. However lithium inhib-
ited the exit of daf-2;daf-12 double mutant dauer-like larvae, which
indicated lithium was either acting on a downstream or a parallel
pathway. To test if lithium acts on DAF-16/FOXO, which is the sec-
ond regulatory element of the dauer program, the daf-16;daf-7 dou-
ble mutant was tested in the presence of lithium. As a confirmation,
daf-16 lophenol dauers, which are equivalent to daf-16;daf-7 double
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mutants, were also tested in the presence of lithium. Both experi-
ments showed that lithium inhibited the exit in both L3-like larvae.
The conclusion was, lithium was either acting downstream of DAF-
12 and DAF-16, or acting on a distinct parallel pathway.
To further investigate the inhibitory effect of lithium on dauer exit,
events of metabolic transition were screened in the presence of
lithium. Lithium was shown to inhibit pumping, OCR and transla-
tional upregulation. Interestingly, lithium does not inhibit the down-
regulation of SCL proteins in bacteria introduced dauers, which
shows SCLs are downregulated independent of the inhibition of
dauer transition by lithium. It is unfortunate that, several attempts
to obtain a lithium-insensitive mutant by using ethylmethylsul-
fonate (EMS) mutagenesis failed. Recently, a study has shown that,
lithium inhibits the activity of bisphosphate 3’-nucleotidase (BPNT-
1), which catalyzes the breakdown of cytosolic 3’-phosphoadenosine
5’-phosphate (PAP). Loss of BPNT-1 leads to the toxic accumulation
of PAP in the neuronal cells. It has been shown that both loss of
BPNT-1 in C. elegans or exposure to lithium leads to dysfunction of
ASJ chemosensory neurons which are responsible for the dauer exit
(Meisel and Kim 2016). Together with our findings, it is highly possi-
ble that lithium acts on the neuronal system of dauers inhibiting the
dauer transition.
4.3 Dauer exit is inhibited in liquid culture
We have observed that dauers fail to exit in small-volume liquid cul-
ture. This observation was quite interesting, since dauers in liquid
were supplied with enough food source by testing different bacte-
rial concentrations with a maximum of double the amount they are
supplied on plates (data not shown). Besides, dauers were shown
to initiate pumping in liquid. However, they could not upregulate
mitochondrial metabolism or alter their biochemical profiles. Addi-
tional to that, dauers could not upregulate global translation, aside
from the upregulation of alcohol-utilizing enzymes, which will be
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discussed in the next section. Comparison of growth in liquid be-
tween L3 reproductive larvae and dauers has proven that inhibi-
tion of growth in liquid is exclusive to dauers. Although L3 larvae
were growing in a delayed manner in liquid, possibly due to hypoxic
character of the liquid culture, their growth was not fully inhibited.
Briefly, dauers in small liquid cultures cannot thoroughly perform
the metabolic transition.
The first hypothesis for the inhibition of exit in liquid culture was
related to the inadequate levels of oxygen in liquid. Since the liquid
cultures used were small-volume cultures in unventilated closed sys-
tems, the most reasonable explanation was the insufficient oxygen
present in the culture. At 25 °C and normal atmospheric pressure,
oxygen concentration in water is 6.3 ml/L, whereas in air it is around
192 ml/L . This corresponds to 30.5 times lower oxygen amount in
liquid, which is around 0.7%. However, the presence of bacteria in
the culture and the lack of aeration due to the closed-tube system we
use, the oxygen concentration is possibly lower than 0.7%. To mimic
the hypoxic condition in liquid, the oxygen chamber was set to 0.1%
oxygen concentration, that is the possible minimum oxygen concen-
tration that could be measured by the oxygen meter. At a 0.1% oxy-
gen concentration, dauers failed to exit on feeding plates supplied
with bacteria. This result supports the hypothesis of hypoxia being
the inhibitory factor in liquid culture for dauer exit. It is important in
the future, to perform the hypoxic-chamber experiment with repro-
ductive larva to compare with liquid culture experiment and to see
if reproductive larvae can grow in hypoxic condition unlike dauers.
The only activation observed in liquid-cultured dauers was pump-
ing. This indeed, is an indication that, pumping is initiated indepen-
dent of the rest of the metabolic events and it is upstream to all. This
hypothesis was also supported by the observation that activation of
pumping occurred prior to the activation of the rest of the metabolic
events (Figure 4.1).
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Figure 4.1: Model and the timeline of the metabolic transition of dauers.
4.4 Dauers incorporate ethanol as an energy
source
In the previous sections, dauer exit, its regulation and its inhibition
by chemical and environmental factors were investigated in detail.
During the experiments performed in liquid culture, it was shown
that dauers upregulate ethanol-utilizing enzymes when they are in-
cubated in ethanol containing liquid culture. This result raised the
question of; what the role of ethanol was in dauer metabolism.
After performing thin-layer chromatography analysis of dauers sup-
plied with radioactive ethanol, it was observed that dauers indeed,
incorporate ethanol to carbohydrates, amino acids, tricarboxylic acid
cycle (TCA) components, and lipids. The incorporation is highly in-
hibited, when one of the alcohol dehydrogenase homologs in C. el-
egans is mutated. Previous studies have shown that, one possible
way to utilize ethanol in C. elegans is to oxidize it to acetaldehyde,
which is then further oxidized to acetic acid (Williamson, Long, and
Theodoris 1991; Alaimo et al. 2012). Acetic acid can be incorporated
into the TCA cycle after being converted to acetyl CoA by acetyl
CoA synthethase in the mitochondrial matrix, and it can then be
converted into other compounds through TCA cycle such as amino
acids. Acetyl CoA is also the substrate for lipid biosynthesis. After
being transported to the cytosol, acetyl CoA can form malonyl CoA
via carboxylation by acetyl-CoA carboxylase (ACC); malonyl CoA
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is then elongated by fatty acid synthase (FAS) in a step-wise fash-
ion to generate fatty acids with different lengths (Salway 2013; Watts
and Browse 2002). In the presence of disulfiram, there is a reduction
in ethanol incorporation upon inhibition of an aldehyde dehydro-
genase enzyme. The sodh-1(ok2799) mutant confirms that ethanol is
incorporated via oxidation to acetate. This acetate possibly consti-
tutes the substrate to form Acetyl CoA, which follows the glyoxylate
shunt and gluconeogenesis to form carbohydrates; or fatty acid syn-
thesis to form lipids. The major observation with dauers after one
week of exposure to radioactive ethanol was the increase of incor-
poration into the lipid fraction compared with the incorporation in
aqueous fraction. This indicated dauers were storing the carbon of
external ethanol in lipids, contradicting more than half a century of
research; which considered dauers as a closed energetic system that
only rely on endogenous reserves. For the first time, we show that
dauers can utilize and store external carbon sources.
It is known that dauers rely on their internal carbohydrate and lipid
reserves for long-term survival. For that reason, an increase in lipid
content will be beneficial for dauer survival. Indeed, dauers supplied
with ethanol were shown to double the lifespan. In this study, we
have shown that; dauers not only utilize the external carbon source,
but also use the carbon source to increase their survival chances.
In previous studies, the lifespan-increasing effect of ethanol and
several other alcohols was demonstrated in L1 starved larvae
(Patananan et al. 2015). Since dauer larva is a stress-resistant long-
living larval form of C. elegans, improving the survival abilities of
dauers may lead to a better understanding of the survival strategies
with the possibility of revealing the mechanisms of metabolism and
aging.
4.5 Conclusions
C. elegans is one of the most studied model organisms in biological
research. However, the number of studies working on the C. elegans
dauer larval metabolic transition during the dauer larval recovery
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is not sufficient to reveal the details of the underlying mechanisms.
Furthermore, these reports mainly focus on the genetic pathways in-
stead of describing metabolism-related changes. In this project, the
major metabolic events that the C. elegans dauer larva undergoes dur-
ing the dauer larval exit were described in a timeline, for the first
time.
Additional to the described pathways during the dauer larval tran-
sition into the reproductive larva, it is shown that this transition is
fully inhibited by the chemical element lithium. Combined with the
recent studies showing the effect of lithium on genetic components
acting on the dauer regulatory pathways, lithium inhibition of dauer
transition should be further investigated.
Another inhibitory effect on dauer exit is the hypoxic character of
liquid culture. Interestingly, this inhibition only acts on the factors
other than the activation of pumping, unlike the effect of lithium.
The hypoxic effect may have an inhibitory role specifically on the
mitochondrial activation via activating the hypoxia-inducable tran-
scription factor (HIF-1), which is the regulator of responses to low
oxygen levels (Jiang et al. 1996; Ryan, Lo, and Johnson 1998; Iyer,
Leung, and Semenza 1998). The hypoxia effect can be further used
to better dissect the dauer exit, and the underlying metabolic regula-
tory pathways.
Lastly, in this study, by adding external ethanol, dauer lifespan was
doubled. Together with the previous results, having the possibility
to manipulate the metabolism of a long-living larva is crucial for re-
vealing the mysteries of lifespan determination by metabolic status.
This may enable many applications in the near future to improve the
lifespan of higher organisms.
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